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INTRODUCTION 


Biofouling  on  ship  hulls  presents  a  significant  challenge  for  the  U.S.  Navy.  Fouling  on  the  hulls 
of  marine  vessels  has  been  shown  to  reduce  maximum  speed  and  increase  propulsive  fuel 
consumption'.  Flistorically,  marine  antifouling  paints  have  utilized  compounds  toxic  to  marine 
organisms,  such  as  triorganotin,  as  a  means  of  combating  the  fouling  problem  .  In  recent  years, 
the  environmental  impact  of  these  coatings  has  come  under  scrutiny^’"'.  The  application  of 
triorganotin-based  paints  has  been  prohibited  on  smaller  vessels  (<  25  m)  and  the  U.S.  Navy  has 
discontinued  its  use. 

Copper  based  ablative  paints  remain  the  only  currently  viable  option  for  marine  protection  but, 
although  the  activity  of  copper  is  much  less  than  tin,  concerns  about  copper  toxicity  effects  are 
likely  to  lead  to  future  regulations^.  Current  research  has  focused  on  employing  organic  biocides 
in  conjunction  with  reduced  copper  concentrations*’. 

The  costs  to  the  military  of  combating  marine  fouling  are  significant.  For  example,  it  is 
estimated  that  $34  to  $50  million  of  the  Navy’s  approximately  $500  million  annual  propulsive 
fuel  bill  could  be  saved  by  the  use  of  an  effective  antifouling  paint.  In  addition,  an  estimated 
$100  million  per  year  is  spent  for  hull  cleaning,  paint  removal,  repainting,  toxic  water  and  grit 
disposal,  compliance  with  OSHA  requirements  during  repainting  procedures,  and  labor  to 
remove  biofouling^. 

Fouling  release  coating  technologies  are  under  development  by  commercial  marine  paint 
companies  and  the  U.S.  Navy  in  response  to  the  need  for  lower  life  cycle  costs  and  a  non-toxic 
alternative  to  conventional  antifouling  paints.  Fouling  organisms  may  grow  on  the  surface  of 
these  coatings,  but  they  adhere  poorly  and  can  be  removed  by  cleaning  with  a  water  spray  or 
light  brushing*’^’'".  The  two  leading  biofouling  release  candidates  have  been  fluoropolymers 
and  silicones.  This  is  based  on  the  observed  relationship  between  surface  energy  and  the  “non¬ 
stick”  easy  release  characteristics  of  these  compounds.  However,  silicone  polymers  have  shown 
better  fouling  release  capability  than  fluoropolymers  and  other  coatings"’'^.  This  has  been 
attributed  to  their  being  within  an  optimum  range  of  critical  surface  tension,  which  is  related  to 
surface  energy'^’'"'.  Other  characteristics  thought  to  enhance  the  superior  fouling  release  ability 
of  silicones  are  their  surface  structure,  rheology,  and  the  extremely  low  glass  transition 
temperature  (Tg),  as  reflected  in  their  molecular  mobility"’'^’'®’'^’'^.  In  addition,  fouling 
coverage  on  silicone  coatings  is  usually  less  than  the  coverage  on  other  nontoxic  surfaces  ’  ’  . 

One  method  for  the  enhancement  of  the  performance  of  silicone  fouling  release  coatings  has 
been  oil  incorporation  ’  ’  .  The  earliest  example  was  provided  by  Milne  in  which  a 
polymethylphenylsiloxane  oil  was  incorporated  into  a  polydimethyldiphenylsilicone  matrix^"'’^^. 
Callow  also  reported  that  panels  coated  with  room  temperature  vulcanizing  silicone  elastomers 
containing  methylphenylsilicone  oils  and  exposed  on  a  raft  near  Singapore,  had  improved 

o 

antifouling  performance  relative  to  coatings  without  oil  .  The  improvement  in  fouling  release 
due  to  the  inclusion  of  oil  is  also  related  to  the  functionality  of  the  silicone  matrix  into  which  it 
has  been  incorporated;  dimethylsiloxane  oils  are  more  effective  in  enhancing  fouling  release 
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performance  in  phenylsilicone  functional  networks  than  in  methysilicone  functional 
networks^^’^’. 

Incorporation  of  oils  may  allow  detachment  by  slippage  as  an  additional  release  mechanism  .  It 
has  been  postulated  that  the  surface  structure  of  silicone  fouling  release  coatings  is  changed 
when  oils  migrate  to  the  coating  surface.  Oils  that  increase  the  hydrophobicity  of  the  silicone 
surface,  such  as  phenylsiloxane  oils,  improve  the  fouling  release  ability  of  the  coating^*’’^^.  Oil 
incorporation  into  an  organic  matrix  does  not  provide  a  synergistic  effect  .  This  may  be 
attributed  to  the  high  flexibility  of  the  polydimethysiloxane  backbone,  which  allows  oil  to  freely 
diffuse  in  and  out  of  a  coating^’. 

Under  DARPA  contract  N00017-96-C1045,  we  proposed  to  develop  a  silicone-based  topcoat 
having  substantially  extended  self-cleaning  and  fouling  release  performance.  This  goal  would  be 
achieved  by  judicious  selection  of  the  oil  structure  that  would  be  incorporated  into  the  silicone 
topcoat.  In  addition,  we  proposed  to  study  whether  oil  depletion  from  the  coatings  occurred. 
Depletion  of  oil  would  result  in  a  precipitous  decline  in  foul  release  performance.  Performance 
criteria  for  the  coating  system  were: 

•  5-7  year  foul  release  performance 

•  Ability  to  self  elean  at  eruising  speeds 

•  Excellent  adhesion  to  steel,  aluminum,  fiberglass,  eomposites  and  rubber  substrates 

•  Tear  and  gouge  resistanee 

•  Resistanee  to  eleaning  abrasion 

•  Environmental  safety  and  no  toxieity  to  aquatie  speeies 

A  team  of  teehnologists  from  the  military  (NSWC,  SPAWAR),  academia  (FIT,  University  of 
Hawaii,  SUNY  Buffalo),  and  industry  (GE,  Bridger  Seientific)  was  assembled  to  develop  a 
coating  system  that  satisfied  the  above  performanee  eriteria.  The  work  breakdown  structure  of 
the  program  is  outlined  below  (Figure  0.1).  The  program  was  divided  into  5  tasks: 

1 .  Design,  synthesis  and  testing  of  foul  release  paints  with  improved  antifouling  and  release 
properties 

2.  Optimization  of  the  physieal  and  applieation  properties  of  the  coating 

3.  Environmental  impact  and  toxicological  testing 

4.  Large  scale  validation 

5.  Program  management. 

The  technology  roadmap  for  topcoat  development  utilized  by  the  team  is  provided  in  Figure  0.2. 
In  addition  to  topcoat  development,  it  was  deemed  necessary  to  develop  new  tiecoat 
compositions  as  well  as  a  recoat  and  repair  package.  The  results  of  our  developmental  efforts  are 
described  by  task  in  the  subsequent  report.  Additional  accomplishments  include  documentation 
in  peer-reviewed  journals,  patents  and  presentations  as  indicated  in  Appendix  A. 
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Panel  Preparation 


GE  CRD  (develop  concepts-  novel  oil  and 
coating  architecture,  active  agent  incorporation, 
timed  release  packages) 


Antifoulina  and  Foul  Release  Measurements 


Miami  Marine  ( coverage-ASTM  Method  D3623) 
Bridger  Scientific  (coverage-ASTM  Method  D3623, 
water  jet  test,  hard  fouling  adhesion  strength- 
ASTM  Method  D5618) 

-University  of  Hawaii  (coverage-ASTM  Method  D3623, 
water  jet  test,  hard  fouling  adhesion  strength- 
ASTM  Method  D5618) 

University  of  Buffaio  {coverage-ASTM  Method  D3623, 
water  jet  test,  hard  fouling  adhesion  strength- 
ASTM  Method  D5618) 

FiT  (coverage-ASTM  Method  D3623, 
water  jet  test,  hard  fouling  adhesion  strength- 
ASTM  Method  DS618) 


Environmental  Fate  and  Toxicology  Testing  i 
GE  CRD  (  environmental  partitioning) 

SPAWAR  ( toxicology-EPA  standardized  tests)  I 


Physical  Condition  and  Durabili 


GE  CRD  (abrasion  testing,  tensile  and 
Die  B  tear  testing  and  peel  adhesion 
testing) 

University  of  Buffaio  (brush  abrasion 
testing,  pre  and  post  exposure  surface 
analysis-  critical  surface  tension  and  IR 
measurements) 


Application  Properties 


GE  CRD  (application  optimization, 
tiecoat,repair  and  recoat  packages 


Hydrodynamic  properties 

FiT  (skin  friction,  drag,  self  cleaning 

measurements) 

FiT  (power  trials) 


NSWC  (bilge  keel  panels,  patch  tests, 
full  scale  validation) 

GE  (small  vessel  applications) 

NRL  (flow  channel  tests) 


Figure  0.1  Task  structure  for  foul  release  coating  development. 


Initial  screening 
154  panels 


barnacle  adhesion  measurements 
scratch  resistance/durability 


1®'  downselection 
18  panels 


Figure  0.2.  Technology  process  roadmap  for  topcoat  development. 


0.3 


References 

1.  Haslbeck,  E.  and  Bolander,  G.  Proc.  Emerging  Nonmetallic  Materials  for  the  Marine 
Environment,  1,  45  (1997). 

2.  Bleile,  H.R.  and  Rogers,  S.,  in  Federation  Series  on  Coatings  Technology.  Federation  of 
Societies  for  Coating  Technology,  Brezinski,  D.,  Miranda,  T.  H.,  Eds;  Federation  of 
Soeieties  for  Coating  Teehnology,  Philadelphia,  PA  1989;  p  .14. 

3.  Cleary,  J.J.  and  Stebbing,  A.R.D.,  Marine  Pollut.  Bull,  16,  350  (1985). 

4.  Kannan,  K.,  Senthilkumar,  K.,  Loganthan,  B.G.,  Takahashi,  S.,  Odell,  D.K.,  and  Tanabe, 
S.,  Environ.  Sci.  TechnoL,  311,  296  (1997). 

5.  Walker,  1.,  Pitture  Vernici  Eur  .,13,  7  (1998). 

6.  Swain,  G.,  J.  Protective  Coatings  and  Linings,  16,  26  (1999). 

7.  Jones-Meehan,  J.,  Celia,  J.,  Montemarano,  J.,  Swain,  G.,  Wiebe,  D.,  Meyer,  A.,  and 
Baier,  R.E.,  Environmental  Security  Technology  Certification  Program:  Advanced 
Nontoxic  Fouling  Release  Coatings,  NRL/PU61 10-99-388  (1999). 

8.  Callow,  M.  E.,  Pitchers,  R.  A.,  and  Santos,  R,  in  Biodeterioration  7.,  Houghton,  D.R., 
Smith,  R.  N.,  and  Eggins,  H.  O.  W.  Eds;  Elsevier  Applied  Science,  Oxford  1998,  p  43. 

9.  Meyer,  A.,  E.,  Baier,  R.E.,  and  Forsberg,  R.L.  Proc  Int.  Zebra  Mussel  Conf,  Report 
No  TR104029  (1994). 

10.  Swain,  G.  and  Schultz,  M.  Biofouling  10,  187  (1996). 

11.  Brady,  R.,  Chem.  Ind,  6,  219  (1997). 

12.  Electric  Power  Research  Institute,  Technical  Report  GS6566,  (1989). 

13.  Goupil,  D.  W.,  Depalma,  V.A.,  and  Baier,  R.E.  (1973  Proc.  9'^  Ann.  Conf.  Marine 
TechnoL  Soc.,  445  (1973). 

14.  Meyer,  A.,  Baier,  R.E.,  Kohl,  J.,  Singer,  1.,  Griffith,  J.,  Haslbeck,  E.,  Montemarano,  J.A., 
Ross,  A.,  Schultz,  M.,  and  Swain,  G.  1997  Environmental  Security  Technology 
Certification  Program:  Advanced  Nontoxic  Antifouling  Coatings  Technology 
Demonstration  NSWCCD-TR-64-95/15  (1997). 

15.  Bausch,  G,  G.,  and  Tonge,  J.S.,  Proc.  Waterborne  High-Solids  Powder  Coat.  Symp.  23, 
340  (1996). 

16.  Brady,  R.,  and  Singer,  1.,  Biofouling  15,  73,  (2000). 

17.  Kohl,  J.  G.,  and  Singer,  1.,  (1999)  Progress  in  Organic  Coatings  36,  15  (1999). 

18.  Wynne,  K.  J.,  Swain,  G.  W.,  Fox,  R.  B.,  Bullock,  S.,  and  Ulik,  J.,  (2000).  Biofouling  16, 
277  (2000). 

19.  Waterman,  B.,  Berger,  H-D.,  Sonnichsen,  H.,  and  Willemsen,  P.,  Biofouling  11,  101 
(1997). 

20.  Swain  G.W.,  Nelson,  W.G.,  and  Preedeekanit,  S.,  Biofouling  12,  257  (1998). 

21.  Hirota,  N.,  and  Amidaichi,  K.,  GB  2141436A  (1984). 

22.  Kishihara,  M.,  Nanishi,  K.,  and  Yonehara,  Y.,  US  Patent  5,218,059  (1993) 

23.  Nakai,  Y.,  US  Patent  5,514,731  (1996). 

24.  Milne,  A.,  UK  Patent  1 ,470,465  ( 1 977). 

25.  Milne,  A,  US  Patent  4,025,693  (1977). 

26.  Edwards,  D.P.,  Nevell,  T.G.,  Plunkett,  B.A.,  and  Ochitree,  B.C.,  Int.  Biodeterior. 
Biodegrad.  34,  349  (1994). 

27.  Nevell,  T.G.,  Edward,  D.P.,  Davis,  A.J.,  and  Pullin  R.A.  Biofouling,  10,  199  (1996). 

28.  Newby,  B.,  Chaudhury.  M.,  and  Brown,  H.,  Science,  269,  1407(1995). 

29.  Milne,  A.,  and  Callow,  M.,  Trans.  I.  Marine  E(C)  97  Conf  2  paper  57:229  (1985). 


0.4 


30. 


Finzel,  W.A.  and  Vincent,  Fi.L.,  In:  Federation  Series  on  Coatings  Technology, 
Brezinski,  D.  and  Miranda,  T.Fi,  Eds.  Federation  of  Societies  for  Coating  Technology, 
Blue  Bell,  PA  1996;  p  30. 

31.  Rice,  S.L.,  Diaz,  A.F.,  Minor.  J.C.  and  Perry,  P.A.  Rubber  Chem.  Technol.  61,  184 
(1988). 


0.5 


SUMMARY 


Under  DARPA  contract  N00017-96-C0145,  GE  and  it’s  collaborators  (NSWC,  SPAWAR, 
University  of  Hawaii,  SUNY  Buffalo,  FIT,  and  Bridger  Scientific)  have  developed  a  foul-release 
system  comprised  of  the  SEA210A/SCM501C  tiecoat  and  RTVll®  amended  with  10%  SF1147. 
This  system  has  the  following  attributes. 

•  Significantly  reduced  macrofouling  attachment  strength  compared  with  the  control 
(RTVll®). 


FIT 

Balanus  ebern^us 
(MPa) 

Hydroides  (MPa) 

RTVll* 

0.067±/-0.031 

0.097±/-0.025 

RTVll*  ±SF  1147 

0.042±/-0.020 

0.042±/-0.014 

ANOVA  Analysis 

P  =  0.000,  N  =  770 

P  =  0.000,  N=40 

U.  Hawaii 

Ostrea  (MPa) 

Hydroides  (MPa) 

RTVll* 

0.13H/-0.069 

0.165±/-0.199 

RTVll*  ±SF  11 47 

0.076±/-0.046 

0.090±/-0.048 

ANOVA  Analysis 

P=0.002,  N=55 

P=0.027,  N=56 

•  Excellent  physical  properties  (tear  resistance  =  0.103  ±  0.006  MPa,  tensile  strength  = 
1.70  ±0.33  MPa). 

•  Demonstrated  hydrodynamic  self-cleaning  at  less  than  20  knots;  little  difference  seen 
between  drag  forces  obtained  on  a  fouled  and  clean  coating. 

•  Scratch  resistance  greater  than  the  RTVl  1®  control;  not  diminished  upon  water  exposure. 

•  Excellent  interfacial  adhesion  (peel  adhesion  strength  after  30  days  water  immersion  = 
736  ±  25  N/m  from  large-scale  validation). 

•  Easily  sprayable  using  airless  equipment. 

•  Excellent  field  performance  as  demonstrated  on  small  craft  {Balanus  improvisus  adhesion 
strength:  0.034.0±/-0.021MPa;  H.  dianthus  adhesion  strength:  0.042  ±/-0.019  MPa; 
greater  than  2  year  life  demonstrated. 

•  Large-scale  application  demonstrated. 

•  Recoatability  demonstrated  on  a  small  vessel. 
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•  Toxicity  against  diatoms,  fish  and  mysids  significantly  less  than  copper  eontrol  (diatom 
IC50  =  205%  extraet,  fish  LC50  =  >300%  extraet,  mysid  LC50  =  221%  extraet;  eopper  8  %, 
10%,  and  5%  extraet). 

•  Water  loss  upon  water  immersion  comparable  to  eontrol  (RTVll®)  (3.2  ±  1.0  wt  %, 
RTvi  1®  2.6  ±  0.9  wt  %);  oil  does  not  exude  into  the  aqueous  environment. 
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TASK  1.  DESIGN,  SYNTHESIS  AND  TESTING  OF  FOUL  RELEASE 
PAINTS  WITH  IMPROVED  ANTIFOULING  AND  RELEASE 

PROPERTIES 

SECTION  1. 1  BASELINE  MODEL  STUDIES 

Model  silicone  foul  release  coatings  with  controlled  molecular  architecture  were  evaluated  to 
determine  the  effect  of  compositional  variables  such  as  filler  loading  and  crosslink  density  on 
pseudobarnacle  and  barnacle  attachment  strengths.  Pseudobarnacle  adhesion  values  correlated 
with  filler  loadings  in  both  condensation  and  hydros ilylation  cured  silicones.  Variation  of 
crosslink  density  of  hydrosilylation-cured  silicones  had  an  insignificant  effect  on  attachment 
strength.  A  significant  correlation  was  obtained  between  the  modulus  of  the  coatings  and 
pseudobarnacle  adhesion  values  as  predicted  by  the  Kendall  equation.  However,  the  mode  of 
failure  upon  detachment  of  the  pseudobarnacle  was  dependent  upon  the  crosslink  density; 
samples  with  high  crosslink  density  failed  cohesively  within  the  silicone.  Barnacle  adhesion 
profiles  mirrored  pseudobarnacle  adhesion  in  hydros  ilylation  cured  systems. 

INTRODUCTION 

There  are  many  reports  on  the  utility  of  silicones  as  foul  release  coatings;  however,  there  are  few 
reports  of  the  effect  of  compositional  variables  of  the  coating  on  bioadhesion  strength.  Wynne 
has  compared  the  fouling  release  performance  of  a  filled  condensation  cured  RTV  (RTVll®) 
with  that  of  an  unfilled  hydrosilylation  system’.  Bauch  and  Tonge  found  different 
pseudobamacle  adhesion  performance  within  the  class  of  polydimethylsilicones  but  no 
systematic  variation  in  architecture  was  reported^.  In  this  section,  we  describe  our  experiments 
in  which  we  have  controlled  the  molecular  architecture  of  both  condensation  cured  and 
hydrosilylation  cured  silicone  coatings  and  examined  the  relationship  between  coating 
composition  (crosslink  density  and  filler  loading)  and  organismal  adhesion  strengths. 

EXPERIMENTAL 

Materials 

Silicone  polymers,  Karstedt’s  catalyst,  dibutyltin  bis  (acetylacetonate),  fumed  silica, 
tetraethylorthosilicate,  calcium  carbonate,  and  SS4155  were  obtained  from  GE  Silicones. 
Aluminum  panels  were  obtained  from  the  Q-Panel  Company. 

Model  silicone  foul  release,  coatinss 

A  condensation  curable  coating  with  0%  filler  was  prepared  by  combining  100  g  of 
dimethoxymethylsiloxy  terminated  polydimethylsiloxane  (MW  =  3100,  0.032  moles)  with  3.56  g 
tetraethylorthosilicate  (0.017  moles)  and  0.65  g  dibutyltin  bis  (acetylacetonate)  (1.5  mmoles). 
As  an  example  of  a  filled  system,  a  coating  with  13%  filler  was  prepared  by  combining  87  g  of 
dimethoxymethylsiloxy  terminated  polymer  (0.028  moles),  13  g  calcium  carbonate  (0.129 
moles),  3  g  tetraethylorthosilicate  (0.0  Mmoles)  and  0.65  g  dibutyltinbis(acetylacetonate)  (1.5 
mmoles).  Samples  were  dispensed  onto  aluminum  panels  primed  with  SS4155  using  a  scalpel 
blade.  Samples  were  allowed  to  cure  for  7  days  prior  to  testing. 
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A  master  batch  for  hydrosilylation  curable  model  systems  was  prepared  by  combining  200  g  of 
hexamethydisilazane  treated  fumed  silica  and  800  g  of  vinylterminated  polydimethylsiloxane 
(equivalent  weight  =  4111).  The  master  batch  was  combined  with  additional  vinyl  polymer  if 
necessary,  mixtures  of  crosslinkable  hydride  polymer  (equivalent  weight  =  102)  and  linear 
hydride  (equivalent  weight  =  1257)  so  that  the  ratio  of  total  hydride  to  vinyl  was  maintained  at 
1.2.  Ten  mg  of  tetravinyltetramethylcyclotetrasiloxane  (0.000023  moles)  was  added  to  the 
mixture,  followed  by  10  pi  of  Karstedt’s  catalyst  (10.9%  Pt,  4.8  pmoles  Pt).  The  amounts  of 
master  batch,  linear  vinyl,  linear  hydride,  and  crosslinkable  hydride  polymers  for  the  different 
coating  systems  are  given  in  Table  1.1.1. 

Table  1.1.1.  Composition  of  hydrosilylation  curable  model  systems. 


Coating  Type 

Master  Batch 

(S) 

Vinyl  Polymer 
(g) 

Linear 
Hydride  (e) 

Crosslinking 
Hydride  (g) 

K— 

80 

5.0 

13.5 

1.1 

KBBIW 

80 

10.6 

7.28 

1.78 

16%  filler 

0/100  hydride  ratio 

80 

17.4 

2.56 

10%  filler 

50/50  hydride  ratio 

50 

34 

14.5 

1.12 

5%  filler 

50/50  hydride  ratio 

25 

58 

15.3 

1.24 

Aluminum  panels  were  coated  using  the  procedure  described  above  for  the  condensation  curable 
systems. 

Field  Exposure 

Panels  were  exposed  at  the  Florida  Institute  of  Technology  (FIT)  exposure  and  testing  platform 
in  the  Indian  River  Lagoon  for  approximately  one  month  to  allow  for  barnacle  accumulation. 
The  shear  strength  of  barnacles  to  the  coatings  was  measured  using  ASTM  method  D5618  in 
which  a  force  is  applied  parallel  to  the  base  of  the  barnacle  until  the  barnacle  detached^. 

Laboratory  Testins 

Tensile  properties  of  the  model  foul  release  coatings  were  obtained  in  accordance  with  ASTM 
Method  D412  using  1-1.5  mm  thick  sheets  of  the  cured  coating.  Contact  angle  measurements 
were  performed  according  to  literature  methods  using  a  Rame-Hart  NRLIOO  goniometer. 
Critical  surface  tensions  were  calculated  using  Zisman  plots'^.  Surface  roughness  was  determined 
using  Park  Universal  Scanning  Probe  operating  in  the  contact  mode  at  a  1  Flz  line  scan  rate. 

Pseudobarnacle  Adhesion  Tests 

Pseudobamacle  adhesion  measurements  were  performed  using  a  modification  of  ASTM  D5618^. 
Wooden  studs  of  known  diameter  were  glued  to  the  surface  using  Epoxi-Patch  obtained  from  the 
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Dexter  Corporation.  The  glue  was  allowed  to  harden  for  5  days  before  testing.  In  this  case,  the 
force  gauge  was  mounted  on  a  traveling  rack  that  moved  at  0.63  cm/sec  or  0.08  cm/sec  parallel 
to  the  coating  surface  (Figure  1.1.1).  Velocity  of  the  traveling  rack  within  the  range  tested  had 
no  effect  on  pseudobarnacle  adhesion  values  (P=  0.174,  df  =  59). 


Figure  1.1.1  Pseudobamacle  adhesion  tester. 


Table  1.1.2.  Pseudobamacle  sample  preparation. 


Step  1 .  Make  tape  strips, 


Step  3.  Mix  and  apply  epoxy 


Step  4.  Apply  wooden 
dowels  and  cure. 

/. 'm 

■f  ^ 

if  H 

.iC-  1 

Step  5  Measure  adhesion. 

X-ray  Photoelectron  Spectroscopy  (XPS) 

The  XPS  measurements  were  conducted  in  a  Surface  Science  Instruments  SSX-100  system, 
employing  a  monochromatic  A1  ka  source  (600)0.  spot).  A  fixed  pass  energy  of  150  eV  was  used 
for  survey  scans,  and  50  eV  for  high  resolution  scans  of  individual  core  levels.  The  surface 
charging  that  occurred  due  to  the  non-conductive  nature  of  the  samples  were  neutralized  with  1  -2 
eV  low  energy  electrons  from  an  electron  flood  gun.  Atomic  compositions  were  computed  from 
XPS  peaks  using  empirically  determined  sensitivity  factors  derived  from  measurements  on 
standard  materials.  The  Cls  signal  was  curve  fit  using  mixed  Gaussian/Lorentzian  line  shapes. 
The  binding  energy  of  the  C  Is  signal  from  the  hydrocarbon  at  284.6  eV  was  used  as  an  internal 
calibration  of  the  absolute  binding  energy  scale. 

Pressure  Volume  Temperature  Measurements  (PVT) 

PVT  measurements  were  performed  using  the  GNOMIX  PVT  system  that  employs  the  bellows- 
piezometer  principle  of  PVT  measurement.  The  coating  (1-2  g)  was  contained  in  a  rigid  sample 
cell,  one  end  of  which  was  closed  by  a  flexible  bellows.  The  sample  was  surrounded  within  the 
cell  by  a  "sample  cup"  formed  from  0.025  mm  nickel  film.  The  space  in  the  sample  cell  not 
taken  up  by  the  assembly  was  filled  with  mercury  under  vacuum.  The  sample  cell  was  placed  in 
a  pressure  vessel.  Temperature  was  maintained  constant  and  pressure  was  increased  up  to  200 
Mpa.  Volume  changes  in  the  contents  of  the  sample  cell  (mercury  plus  sample)  were  reflected 
in  an  elongation  or  contraction  of  the  flexible  bellows.  The  length  change  of  the  bellows  was 
converted  into  a  volume  change  of  the  sample  itself,  making  use  of  the  known  cross-sectional 
area  of  the  bellows  and  the  known  PVT  properties  of  the  confining  mercury.  The  accuracy  of  the 
equipment  is  +/-  0.002  cm  /g  to  250°C,  and  0.004  cm  /g  at  higher  temperatures,  with  a 
sensitivity  of  better  than  0.0005  cm^/g.  Bulk  moduli  were  calculated  from  the  slope  of  the 
pressure  versus  volume  strain  curve  at  room  temperature. 
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RESULTS  AND  DISCUSSION 


Condensation  Curable  Silicone  Coatinss 

In  order  to  quantify  the  effect  of  filler  loading  on  organismal  detachment  strengths,  moisture 
curable  silicone  networks  containing  0%  to  29%  calcium  carbonate  were  prepared  by  the 
reaction  of  dimethymethylsiloxy  endcapped  polydimethylsiloxane  with  tetraethylorthosilicate 
and  the  appropriate  filler  amount  using  dibutyltinbis(acetylacetonate)  as  the  catalyst. 
Pseudobamacle  adhesion  values  were  obtained  rather  than  barnacle  adhesion  values  to  decrease 
the  standard  error  in  measurement  as  well  as  decrease  the  experimental  time  and  serendipity  of 
barnacle  settlement.  We  confirmed  that  over  large  ranges  in  organismal  adhesion,  an  excellent 
correlation  existed  between  pseudobamacle  adhesion  strength  and  barnacle  adhesion  strength  (df 
=  60,  p  =  0.000,  Rpearson=  0.885). 

Pseudobamacle  adhesion  values  were  shown  to  increase  as  the  filler  loading  increased  (Figure 
1.1.2,  df=  99,  p  =  0.000).  As  the  filler  loading  increased,  the  tensile  strength  of  the  coating  also 
increased;  thus,  the  higher  the  tensile  strength  of  the  coating,  the  greater  the  pseudobamacle 
adhesion  (Figure  1.1.3).  Therefore,  coatings  with  the  greatest  durability  and  strength  will  be  the 
least  effective  in  terms  of  facile  removal  of  fouling  organisms. 


Percent  filler  loading 


Figure  1.1.2.  Effect  of  filler  loading  on  pseudobamacle  adhesion  strength  in  condensation  cured 
systems  (df  =  99,  p  =  0.000).  Error  bars  represent  one  standard  deviation. 
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0.250 


Tensile  strength  (MPa) 


Figure  1.1.3.  Correlation  of  pseudobamacle  adhesion  strength  with  tensile  strength  of 
eondensation  eured  silieones  (df  =  99,  p  =  0.000).  Error  bars  represent  one  standard  deviation. 


Hvdrosilvlation  Cured  Silicone  Coatinss 

Hydrosilylation  eured  silicones  have  an  advantage  in  that  both  the  filler  loading  and  crosslink 
density  can  be  controlled.  This  allows  for  a  complete  description  of  the  molecular  architecture. 
Coatings  were  prepared  according  to  Scheme  1.1.1  in  which  the  ratio  of  crosslinkable 
polydimethylmethylhydridesiloxane  with  multiple  hydride  groups  on  the  polymer  chain  and 
hydride  terminated  polydimethylsiloxane  was  varied  between  50/50  and  100/0,  while  the  overall 
ratio  of  hydride  to  vinyl  groups  was  maintained  at  a  ratio  of  1.2/1.  Filler  loadings  were  also 
varied  from  5  to  16%  for  a  composition  that  contained  a  50/50  crosslinker  to  linear  hydride  ratio. 
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Scheme  1.1.1.  Flydrosilylation  cured  model  system. 
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Meyer  has  suggested  that  fouling  release  ability  is  related  to  the  critical  surface  tension  of  the 
coating^.  We  performed  critical  surface  tension  measurements  to  confirm  that  the  surface  energy 
of  the  coating  did  not  change  upon  variation  of  filler  loading  in  hydrosilylation-cured  coatings. 
No  change  was  observed  as  the  filler  level  was  increased  from  5  to  16%  (Figure  1.1.4).  Surface 
profiles  were  also  obtained  which  indicated  that  filler  level  had  no  appreciable  effect  on  surface 
roughness  (Figure  1.1.5). 
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Figure  1.1.4.  Effect  of  filler  loading  on  critical  surface  tension  of  hydrosilylation  cured  silicone 
coating. 
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Figure  1.1.5.  Effect  of  filler  loading  on  surface  roughness  of  hydrosilylation  cured  silicone 
coatings. 

Left)  5%  filler,  rms  roughness  =  14  nanometers 
Center)  10%  filler,  rms  roughness  =17  nanometers 
Right)  16%  filler,  rms  roughness  =  19  nanometers 

Variation  of  the  filler  loading  from  5  to  16%  led  to  a  systematic  increase  in  the  pseudobamacle 
attachment  strength  (Figure  1.1.6,  df  =  35,  p  =  0.000).  This  result  is  consistent  with  the  result 
obtained  on  condensation  curable  silicones.  Unexpectedly,  the  ratio  of  crosslinker  hydride  to 
linear  hydride  had  no  effect  on  pseudobamacle  adhesion  values  (Figure  1.1.7,  df  =  35,  p  =0.447). 
The  fact  that  these  surfaces  have  identical  critical  surface  tensions  yet  exhibit  different  release 
implies  that  other  factors  beside  surface  energy  are  important  in  defining  performance.  Bausch 
and  Tonge  have  suggested  that  the  rheological  properties  of  both  the  glue  and  the  coating  as  well 
as  the  kinetics  of  the  release  process  must  be  considered^. 
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Figure  1.1.6.  Effect  of  filler  loading  of  hydrosilylation  cured  silicone  coating  on  pseudobamacle 
adhesion  (  df  =  35,  p=  0.000).  Error  bars  represent  one  standard  deviation. 


Ratio  crosslinker/linear  hydride 


Figure  1.1.7.  Effect  of  crosslink  of  hydrosilylation  cured  silicone  coatings  on  pseudobamacle 
adhesion  (df  =  35,  p  =  0.447).  Error  bars  represent  one  standard  deviation. 

Kendall  reported  that  the  release  performance  of  elastomers  depends  on  both  the  surface  energy 
and  elastic  properties’.  The  equation  below  was  developed  to  describe  the  pull  off  force  of  a  stud 
bonded  to  thin  elastomeric  glue: 

Pe=;Ta^(2oDaK/t)’’^ 
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Where  Pc,  t,  ooa,  K  and  a  are  the  critical  pull  off  force,  thickness  of  the  coating,  work  of  adhesion, 
elastomer  bulk  modulus  and  contact  radius,  respectively.  Singer  has  successfully  applied  the 
Kendall  equation  to  silicone  duplex  coatings,  where  he  demonstrated  the  thickness  dependence 

o 

of  the  pull  off  force  .  According  to  the  Kendall  equation,  the  detachment  force  of 
pseudobamacles  from  a  silicone  coating  should  correlate  with  the  bulk  modulus  of  the  coating. 
As  can  be  seen  from  Figure  1.1.8,  the  pseudobamacle  adhesion  strength  increases  significantly 
with  increasing  bulk  modulus  (Rpearson  =  0.881,  p  =  0.48). 


Figure  1.1.8.  Correlation  between  calculated  bulk  modulus  of  hydrosilylation  cured  silicone  and 
pseudobamacle  adhesion  strength. 

Gatenholm  has  reported  that  small  amounts  of  uncrosslinked  silicone  from  both  hydrosilylation 
and  condensation-cured  silicones  are  transferred  to  the  pseudobamacles  upon  detachment  from 
the  surfaces*^.  We  have  examined  the  failure  mode  in  our  hydrosilylation  cured  systems  using 
XPS  (Table  1.1.3).  Transfer  of  silicone  to  the  pseudobamacles  is  small  at  all  filler  loadings,  at  a 
constant  crosslinker  hydride  to  linear  hydride  ratio  of  50/50.  However,  the  amount  of  silicone  on 
the  pseudobamacle  increases  as  the  crosslinker  hydride  to  linear  hydride  ratio  increases  at 
constant  filler  loading.  At  100%  crosslinker  hydride,  the  failure  mode  is  certainly  cohesive 
within  the  silicone  since  the  amount  of  silicon  present  on  the  pseudobamacle  surface  is 
equivalent  to  the  atomic  composition  of  the  silicone  (21%).  This  implies  a  change  in  fracture 
mechanism  is  a  function  of  crosslink  density. 
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Table  1.1.3.  Effect  of  silicone  architecture  of  hydrosilylation  cured  coatings  on  the  failure  mode 
in  pseudobamacle  adhesion  tests. 


Filler 

loading 

Crosslinker/linear 
hydride  ratio 

Pseudobarnacle 
adhesion  strength 
(mPa) 

%  Si  (XPS) 

5 

50/50 

0.063+/-  0.013 

6.7 

10 

50/50 

0.062+/-  0.008 

4.8 

16 

50/50 

0.109+/-  0.018 

8.6 

16 

75/25 

0.102+/- 0.013 

12.4 

16 

100/0 

0.109+/- 0.017 

21.8 

Barnacle  adhesion  strength  was  also  measured  on  the  hydrosilylation  cured  model  system 
coatings.  Trends  were  similar  for  both  barnacles  and  pseudobamacles.  Barnacle  adhesion 
strength  was  lowest  on  coatings  with  low  filler  loading  (df  =  17,  p  <  0.05)  which  mirrors  the 
trend  found  with  psuedobamacles  (Figure  1.1.9).  As  found  with  pseudobamacles,  crosslink 
density  had  no  effect  on  barnacle  attachment  strength  (df  =  17,  p  >  0.05;  (Figure  1.1.10.). 
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Figure  1.1.9.  Effect  of  filler  loading  on  barnacle  attachment  strength. 
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Figure  1.1.10.  Effect  of  crosslink  density  on  barnacle  attachment  strength. 


Studies  of  model  silicone  coatings  have  provided  data  that  suggest  that  coatings  with  lower  filler 
loadings  will  have  better  fouling  release  properties  than  those  with  higher  filler  levels.  This 
result  is  independent  of  filler  type  (silica  or  calcium  carbonate).  Unfortunately,  the  most  durable 
coatings  contain  high  filler  loadings.  Crosslink  density  had  an  insignificant  effect  on  attachment 
strengths  of  pseudobamacles,  but  did  change  the  failure  mechanism,  suggesting  that  lower 
crosslink  densities  are  preferred  for  durable  coatings.  These  results  suggest  a  trade-off  between 
mechanical  integrity  of  the  coatings  and  foul-release  performance. 
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SECTION  1.2  SCREENING  EXPERIMENTS 


In  the  previous  section,  we  reported  the  relationship  between  crosslink  density  and  filler  loading 
of  silicone  coatings  and  fouling  release  performance.  We  found  an  inverse  correlation  between 
foul-release  performance  and  filler  loading.  However,  physical  properties  were  enhanced  by 
addition  of  filler.  Therefore,  the  best  foul-release  coatings  had  the  lowest  durability.  One  way 
to  increase  foul  release  performance  without  compromising  properties  is  by  incorporation  of  oil 
into  the  silicone  coating.  We  therefore  performed  screening  experiments  in  which  oil  was 
incorporated  into  the  silicone  coatings.  The  factors  in  the  experimental  design  included:  oil 
type,  oil  loading  level,  oil  molecular  weight,  location  of  the  oil,  coating  matrix  type,  filler  level, 
oil  encapsulation,  and  biocide  enhancement.  Of  the  numerous  manipulations  of  oil  type, 
location,  loading,  molecular  weight,  filler  type,  and  biocidal  enhancement,  only  two  treatments 
reduced  barnacle  adhesion  strength  by  practically  significant  levels  [greater  than  50%].  These 
reductions  were  mainly  due  to  the  ejfect  of  the  oil  type  and  it ’s  interaction  with  the  coating  base. 

INTRODUCTION 

Incorporation  of  oil  into  foul  release  eoatings  has  been  shown  to  reduce  organismal  coverage  and 
adhesion  strength'.  To  date,  no  one  has  reported  on  the  effect  of  oil  composition  on  organismal 
adhesion.  We  therefore  performed  a  number  of  design  experiments  in  which  we  systematically 
varied  the  oil  type,  the  oil  level,  and  oil  encapsulation  (+/-).  In  addition,  we  examined  the  effect 
of  supplementary  filler  types  on  performance  to  see  if  we  could  moderate  oil  release  by  their 
incorporation.  The  effeet  of  bioeides  on  barnacle  adhesion  strength  was  also  probed.  The 
complete  screening  matrix  is  given  in  Table  1.2.10.  Further  elaboration  of  the  effect  of  tethering 
the  oil  to  the  eoating  matrix  to  inhibit  depletion  is  provided  in  Appendix  1 . 

EXPERIMENTAL 

Panel  Preparation 

Oils  were  obtained  from  either  GE  Silicones  or  Gelest  (Tullytown,  PA).  GE  Silicones  provided 
base  compositions.  Aluminum  panels  were  obtained  from  the  Q-Panel  Company.  Sea-nine  211 
was  obtained  from  Rohm  and  Hass.  Irgarol  1051  was  obtained  from  Ciba-Geigy.  Encapsulated 
oils  were  obtained  from  Microteck.  Fillers  were  obtained  from  Aldrich  Chemical  Company. 

One  hundred  and  thirty  silicone  panels  were  painted  on  one  side  of  100  mm  x  400  mm  aluminum 
panels.  The  coating  was  based  on  the  duplex  technology  developed  by  James  Griffith  at  the 
Naval  Research  Laboratory  (U.S.  Patent  5,449,553).  Topcoats  were  placed  over  a  tiecoat  of 
Wacker  J501  silicone.  Formulations  were  based  on  the  following  three  silicone  matrices 
RTvi  1®,  silica  filled  base  (vida  infra)  and  RTV51 1.  Oils  were  incorporated  into  the  topcoat  or 
tiecoat.  Silicone  oil  additives  were  held  to  10%  by  weight  (unless  otherwise  specified). 

FIT  Panel  Testins 

Panels  were  attached  to  PVC  frames  and  suspended  from  a  fixed  platform  approximately  1  m 
below  the  water  surface  in  the  Indian  River  Lagoon,  Florida.  Panels  were  held  within  cages 
constructed  of  25.4  mm  mesh  to  prevent  removal  of  attached  organisms  by  predation. 
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Test  coatings  were  initially  exposed  to  fouling  in  January,  1997.  Measurements  of  hard  fouling 
(barnacle,  oysters  and  tubeworms)  and  shear  adhesion  strength  were  taken  as  fouling  permitted. 
When  possible,  at  least  18  adhesion  measurements  were  made  per  panel.  The  adhesion 
measurements  were  based  on  procedures  outlined  in  ASTM  D56 18-94,  “Standard  Test  Method 
for  Measurement  of  Barnacle  Adhesion  Strength  in  Shear”.  Measurements  were  made  on  live 
individuals  with  basal  areas  ranging  between  20  -  250  mm^.  A  hand-held  force  gauge  was  used 
to  apply  a  force  parallel  to  the  attachment  plane  of  the  organism  at  a  rate  of  approximately  4.5 
Ns’’  (1.8  cms’’)  until  it  was  removed  from  the  surface.  The  force  required  to  detach  an  organism 
was  recorded,  and  the  individuals  collected  and  taken  to  the  laboratory.  Attachment  area  was 
determined  by  one  of  two  methods.  Either  diameter  measurements  were  taken  with  digital 
calipers  in  four  directions,  the  average  diameter  calculated,  and  the  basal  area  calculated  from  A 
=  47iD.  Or,  the  base  of  the  individual  was  scanned  and  the  image  analyzed  with  SigmaScan® 
software.  Pixel  to  area  determination  was  based  on  a  three-point  calibration,  and  computations 
were  validated  by  inclusion  of  an  object  of  known  dimension  with  each  data  set  analyzed. 
Adhesive  shear  strength,  x,  was  calculated  by  dividing  shear  force,  F,  required  to  remove  the 
organism  by  the  surface  area.  A,  of  attachment  (x  =  F/A). 

Data  Analyses 

The  adhesion  strength  data  were  statistically  analyzed  using  analysis  of  variance  (ANOVA).  In 
most  cases,  a  two-way  ANOVA  was  performed,  followed  by  Tukey’s  multiple  pairwise 
eomparison  tests  for  signifieanee.  In  some  eases,  a  one-way  ANOVA  was  performed.  In  all 
eases,  a  was  set  at  0.01.  Data  were  transformed  by  the  square  root  of  the  original  value  to  meet 
homogeneity  of  varianee  and  normality  assumptions  for  the  analyses.  All  results  are  presented 
as  transformed  adhesion  strength  data  (MPa)  f  Results  are  the  pooled  data  from  all  sampling 
dates. 

RESULTS 

Comparison  of  Oil  Type  and  Oil  Incorporation  Site 

Table  1.2.1  Comparison  of  oil  type  and  oil  ineorporation  site(tiecoat  or  topcoat). 


Treatment 

Coating  Additive  Description 

None 

Unmodified  RTVl  1®  or  siliea  filled  base 

SF1147 

Deeylmethylsiloxane 

DMSC15 

Carbinol  (hydroxyl)  terminated  polydimethylsiloxane 

FMS123 

Poly-3,  3,  3-trifiuoropropylmethylsiloxane 

PS406 

Polydimethylsiloxane  methaeryloxypropyl  T-structure  branch  points 

PS563 

Polydimethylsiloxane  earboxypropyldimethyl  terminated,  2000cs 

PS835 

80-90%  Dimethyl  (10-20%)-(hydroxyalkylene  oxide)  methylsiloxane 
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Seven  coating  treatments  were  compared  to  analyze  the  effects  of  oil  type  and  oil  location  on 
barnacle  adhesion  strength  (Table  and  Figure  1.2.1).  The  effects  of  additive  type  and  additive 
location  were  both  statistically  significant  (p  =  0.007  and  p  <  0.001,  respectively).  A  significant 
interaction  (p  <  0.001)  was  observed  between  additive  type  and  the  location  of  incorporation, 
and  the  strength  of  barnacle  adhesion.  Addition  of  DMSC15  to  the  RTVl  1®  tiecoat  resulted  in  a 
lower  barnacle  adhesion  strength  than  all  other  oils,  except  when  PS835  was  present  in  the 
tiecoat  of  RTVl  1®,  and  when  SFl  147  was  incorporated  into  the  topcoat  of  the  silica  filled  base. 
The  barnacle  adhesion  strength  with  the  additive  SFl  147  was  lower  than  formulations  with  no 
additives  (FMS123,  PS406,  PS563,  and  PS835)  incorporated  into  the  topcoats  of  RTVl  1®  or  the 
silica  filled  base.  However,  barnacle  adhesion  differed  when  SFl  147  was  present  in  the  RTVl  1® 
tiecoat.  Barnacle  adhesion  strength  on  panels  with  SFl  147  in  the  RTVll®  tiecoat  was 
statistically  indistinguishable  from  treatments  incorporating  the  majority  of  additives  (FMS123, 
PS406  and  PS563).  However,  when  the  additive  PS835  was  incorporated,  barnacle  adhesion  was 
significantly  lower.”  No  significant  difference  in  barnacle  adhesion  was  observed  on  coatings 
with  no  additive,  or  with  the  additives  FMS123,  PS406,  PS563,  and  PS835  incorporated  into  the 
RTVll®  topcoat  and  the  silica  filled  base.  The  location  of  the  oil  matrix  within  additive  types 
also  affects  barnacle  adhesion  strength.  No  differences  were  apparent  for  formulations  with  no 
additive,  or  with  the  additives  FMS123  and  PS406.  However,  addition  of  DMSC15  to  the 
RTVll®  tiecoat  resulted  in  the  lowest  barnacle  adhesion  strength.  Adhesion  was  significantly 
lower  than  when  DMSC15  was  added  to  the  tieeoat  or  the  topcoat  of  the  silica  filled  base. 
Alternatively,  bamaele  adhesion  strength  with  the  additive  PS563  was  significantly  lower  when 
it  was  added  to  the  tieeoat  eompared  to  addition  in  the  topcoat  of  RTVl  1®.  With  the  additive 
PS835,  bamaele  adhesion  strength  was  also  lower  when  additions  were  made  to  the  tiecoat  of 
RTVll®,  and  were  significantly  lower  than  additions  to  the  topcoat  of  both  RTVll®  and  the 
silica  filled  base.  In  eontrast,  additions  of  SFl  147  produced  the  opposite  effect  on  bamaele 
adhesion  strength,  revealing  signifieantly  higher  values  when  the  oil  was  added  to  the  tiecoat  of 
RTVl  1®  compared  to  addition  to  the  topeoat  of  either  RTVl  1®  or  the  silica  filled  base. 
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Figure  1.2.1  Comparison  of  barnacle  adhesion  strength  to  panels  with  various  oil  types  added  to 
several  matrix  locations  of  silicone  coatings.  Data  are  presented  as  transformed  values  [(MPa)'"^ 
].  Error  bars  represent  one  standard  deviation. 


Comvarison  of  Matrix  Type  and  Oil  Type 


Table  1.2.2  Comparison  of  matrix  type  and  oil  type  (located  in  topcoat). 


Treatment 

Coating  Additive  Description 

None 

Unmodified  Duplex  RTVl  1®  or  RTV51 1 

DBE224 

Dimethylsiloxane-ethylene  oxide  block  copolymer 

DMSC15 

Carbinol  (hydroxyl)  terminated  polydimethylsiloxane 

DMSC25 

Carbinol  (hydroxyl)  terminated  polydimethylsiloxane,  60%  non-siloxane 

SF1154 

Polydiphenyldimethylpolysiloxane 

The  barnacle  adhesion  strength  to  two  RTV  silicone  coatings  with  varying  additive  types  was 
compared  with  a  two  way  ANOVA.  The  main  effect  of  oil  type  was  found  to  be  significant  (p  < 
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0.001).  All  coatings  with  additives  were  significantly  lower  in  barnacle  adhesion  strength  than 
unmodified  coatings.  Barnacle  adhesion  strength  on  DMSC15  modified  coatings  was 
significantly  lower  than  on  eoatings  with  any  other  oil.  The  interaction  effect  of  matrix  and.  oil 
type  was  also  significant  (p  <  0.001).  Barnacle  adhesion  strength  did  not  differ  between  the 
RTvii®  and  RTV511  coating  types  in  some  instances  (unmodified,  DBE224  and  DMSC15 
coatings).  However,  adhesion  strength  was  significantly  lower  on  RTVll®  than  on  RTV511 
with  addition  of  DMSC25,  while  it  was  significantly  lower  on  RTV511  than  RTVll®  with  the 
addition  of  SF1154  (Table  1.2.2  and  Figure.  1.2.2). 
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Figure  1.2.2  Comparison  of  barnacle  adhesion  strength  to  two  different  RTV  silicone  coatings 
with  various  oil  types.  Data  are  presented  as  transformed  values  [(MPa)'^'  ].  Error  bars  represent 
one  standard  deviation. 
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Comparison  of  Oil  Molecular  Weisht  and  Oil  Incoryoration  Site 


Table  1.2.3.  Comi 

parison  of  oil  molecular  weight  and  oil  incorporation  site  (tiecoat  or  topcoat). 

Treatment 

Coating  Additive  Description 

None 

Unmodified  Duplex  RTVl  1®  or  Silica  filled  base 

PDV0325 

3. 0-3. 5%  Diphenylsiloxane  dimethylsiloxane  copolymer,  MW  =  15,500 

PDV0331 

3. 0-3. 5%  Diphenylsiloxane  dimethylsiloxane  copolymer,  MW  =  27,000 

PDV0341 

3. 0-3. 5%  Diphenylsiloxane  dimethylsiloxane  copolymer,  MW  =  62,000 

A  polydimethyldiphenyl  siloxane  additive  was  selected  to  test  the  effect  of  changes  in  additive 
molecular  weight  on  barnacle  adhesion  strength.  The  molar  content  of  diphenylsiloxane  was  held 
constant  in  the  treatments  at  3.0  -  3.5%.  Additives  were  placed  in  three  matrix  locations:  topcoat 
of  RTVll  ,  tiecoat  of  RTVll  ,  and  the  topcoat  of  silica  filled  base.  A  significant  interaction 
was  found  among  additive  treatments  and  the  site  of  incorporation.  Additions  of  PDV0341 
resulted  in  a  lower  barnacle  adhesion  strength  when  located  in  the  tiecoat  of  RTVll  and  the 
topcoat  of  silica  filled  base,  than  when  present  in  the  topcoat  of  RTVll  (Table  1.2.3  and 
Figure.  1.2.3).  Within  the  topcoat  of  the  silica  filled  base,  the  PDV0341  additive  (the  highest 
molecular  weight  treatment)  showed  significantly  lower  barnacle  adhesion  strength  than  the 
silica  filled  base  coating  without  additive.  No  differences  were  observed  when  additives  were 
present  in  the  RTVl  1  topcoat. 
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0,000 


RTV11  Topcoat 


RTV11  Tiecoat 

Location  of  Additive 


Silica  Base  Topcoat 


Figure  1.2.3.  Comparison  of  barnacle  adhesion  strength  for  polydiphenyldimethylsiloxane  oils 
of  different  molecular  weights.  Data  are  presented  as  transformed  values  [(MPa)^'  ].  Error  bars 
represent  one  standard  deviation. 

Comparison  of  Loadins  Level  and  Oil  Incorporation  Site 

Table  1.2.4  Comparison  of  oil  loading  level  and  oil  incorporation  site  (tiecoat  or  topcoat). 


Treatment 

Coating  Additive  Description 

None 

Unmodified  Duplex  RTVl  1®  or  Silica  filled  base 

10%  SFl  154 

1 0%  Diphenyldimethylpolysiloxane 

20%  SFl  154 

20%  Diphenyldimethylpolysiloxane 

30%  SFl  154 

30%  Diphenyldimethylpolysiloxane 

Three  loading  levels  (10,  20,  and  30%  by  weight)  of  the  SF1154  additive  were  incorporated 
within  the  topcoat  of  RTV 11  ,  the  tiecoat  of  RTV 1 1  ,  and  the  topcoat  of  the  silica  filled  base. 
Both  the  main  effects  of  loading  level  and  location  were  significant  in  a  two-way  ANOVA  (p  = 
0.006  and  p  <  0.001,  respectively);  however,  the  interaction  term  was  not.  In  pairwise 
comparisons,  the  30%  loading  of  SFl  154  was  found  to  produce  barnacle  adhesion  strengths  that 
were  significantly  lower  than  with  unmodified  coatings.  In  relation  to  location,  additives  to  the 
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silica  filled  base  topcoat  had  lower  barnacle  adhesion  than  additives  to  the  RTVll  topcoat 
(Table  1.2.4  and  Figure.  1.2.4). 


RTV1 1  Topcoat 


RTV11  Tiecoat 


Silica  Filled  Topcoat 


Location  of  Additive 


Figure  1.2.4  Comparison  of  barnacle  adhesion  strength  to  panels  containing  varying  levels  of  oil 
loading  (10,  20,  and  30  %  SF1154).  Data  are  presented  as  transformed  values  [(MPa)'"^  ].  Error 
bars  represent  one  standard  deviation. 

Comvarison  of  Filler  Type  and  Base  Composition 

Table  1.2.5  Comparison  of  filler  type  and  base  composition. 


Treatment 

Coating  Additive  Description 

None 

Duplex  RTVl  1®  or  Silica  filled  base  plus  10%  SFl  154 

Talc 

Duplex  RTVl  1®  or  Silica  filled  base  plus  10%  SFl  154  +  Talc  filler 

Resin 

Duplex  RTVll®  or  Silica  filled  base  plus  10%  SF1154  +  Resin  filler 

Alumina 

Duplex  RTVl  1®  or  Silica  filled  base  plus  10%  SFl  154  +  Alumina  filler 
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Duplex  RTVl  1®  or  Silica  filled  base  plus  10%  SFl  154  +  Graphite  filler 

Carbon  Black 

Duplex  RTVl  1®  or  Silica  filled  base  plus  10%  SFl  154  +  Carbon  black  filler 

The  effect  of  five  different  filler  types  on  the  barnacle  adhesion  strength  on  RTVll® 
compositions  and  silica  filled  base  containing  10%  SF1154  in  the  topcoat  were  examined  in  a 
two-way  ANOVA.  The  main  effects  of  filler  type  and  coating  type  were  significant  (p  <  0.001). 
The  interaction  term  was  not  significant.  Pairwise  comparisons  indicated  increased  barnacle 
adhesion  strength  on  coatings  containing  resin  filler  compared  to  coatings  with  no  additional 
filler  and  talc  filler.  Barnacle  adhesion  strength  was  consistently  lower  on  the  silica  filled  base 
topcoat  than  the  RTVl  1®  topcoat  (Table  1.2.5  and  Figure.  1.2.5). 


0.6 


0.5 


U> 

c 

o 


</> 


c 

o 

'35 

o 

£ 

■o 

< 


o 

o 

fH 

c 

(0 

CQ 


0.3 


0.2 


0.1 


0 


ORTV11  +  10%SF1154 
■  Silica  Filled  Topcoat  +  10%  SF1154 


None  Talc  Alumina  Graphite  Carbon  Black  Resin 

Filler  Type 


Figure  1.2.5  Comparison  of  barnacle  adhesion  strength  to  panels  containing  varying  filler  types 
in  the  topcoat  of  RTVll  and  silica  filled  base.  All  topcoats  contained  10%  SF1154.  Data  are 
presented  as  transformed  values  [(MPa)'"^  ].  Error  bars  represent  one  standard  deviation. 


Comparison  of  Encapsulant  Type  and  Loadins  Level 
Table  1.2.6  Comparison  of  encapsulant  type  and  oil  loading  level. 
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Treatment 

Coating  Additive  Description 

None 

Duplex  RTVl  1®  or  Silica  filled  base  plus  SFl  154  at  10,  20  or  30%  by  weight 

A 

Duplex  RTVl  1®  or  Silica  filled  base  plus  SFl  154  in  A  capsules 

B 

Duplex  RTVl  1®  or  Silica  filled  base  plus  SFl  154  in  B  capsules 

C 

Duplex  RTVl  1®  or  Silica  filled  base  plus  SFl  154  in  C  capsules 

10 

Duplex  RTVl  1®  or  Silica  filled  base  plus  10%  SFl  154 

20 

Duplex  RTVl  1®  or  Silica  filled  base  plus  20%  SFl  154 

30 

Duplex  RTVl  1®  or  Silica  filled  base  plus  30%  SFl  154 

The  effect  of  incorporating  SFl  154  oil  in  controlled-release  capsules  (in  RTVl  1®  coatings)  on 
the  adhesion  strength  of  barnacles  was  analyzed  with  a  two-way  ANOVA  (Table  1.2.6  and 
Figure  1.2.6).  The  main  effects  of  capsule  type  and  loading  level  were  significant  (p  <  0.001  and 
p  =  0.003,  respectively).  The  capsule  type  and.  loading  level  interaction  was  statistically 
significant  (p  <  0.001).  Capsule  A  treatments  did  not  differ  from  unencapsulated  SFl  154  in 
terms  of  barnacle  adhesion  strength.  Capsule  types  B  and  C  were  higher  in  adhesion  strength 
than  capsule  type  A  at  the  30%  and  10%  SFl  154  loading  levels,  respectively.  No  differences 
were  seen  among  capsule  types  at  the  20%  loading  level. 
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Figure  1.2.6  Comparison  of  barnacle  adhesion  strength  to  panels  containing  varying  loading 
levels  of  encapsulated  SF1154  in  the  topcoat  of  RTVll®.  Data  are  presented  as  transformed 
values  [(MPa)'^  ].  Error  bars  represent  one  standard  deviation. 

Effect  of  Additive  Mixtures 

Table  1.2.7  Comparison  of  mixtures  of  oils. 


Treatment 

Coating  Additive  Description 

None 

Unmodified  Duplex  RTVl  1® 

SF1154 

1 0%  Diphenyldimethy Ipolysiloxane 

DBE224 

10%  Dimethylsiloxane-ethylene  oxide  block  copolymer 

DMSC15 

10%  Carbinol  (hydroxyl)  terminated  polydimethylsiloxane 

SF1154  +  DBE224 

5%  by  weight  of  each  oil  type 

SF1154  +  DMSC15 

5%  by  weight  of  each  oil  type 

The  effect  of  mixtures  of  oils  on  barnacle  adhesion  strength  was  analyzed  with  a  one-way 
ANOVA.  Comparisons  were  made  among  coatings  with  pure  additions  of  SF1154,  DBE224, 
and  DMSC15,  and  equal  mixtures  of  SFl  154  and  the  other  oils.  The  total  content  of  oil  was  held 
to  10%  by  weight  in  all  cases.  A  significant  difference  was  seen  among  treatments  (p  <  0.001). 
A  pairwise  comparison  test  (Tukey’s)  of  means  revealed  no  significant  difference  between 
RTVl  1®  and  RTVl  1®  +  10%  SFl  154.  Coatings  with  additions  of  DBE  224  were  significantly 
lower  than  these  treatments.  Barnacle  adhesion  strength  on  the  10%  DMSC15  coating  was  still 
lower.  Adhesion  on  the  coating  formulation  containing  a  mixture  of  5%  DMSC15  +  5%  SFl  154 
was  intermediate  between  the  DBE224  and  DMSC15  treatments  (Table  1.2.7  and  Figure.  1.2.7). 
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None  10%SF1154  10%DBE224  10%DMSC15  5%SF1154  5%SF1154 

+5%DBE224  +5%DMSC15 


Oil  Addition 


Figure  1.2.7  Comparison  of  barnacle  adhesion  strength  to  RTVll®  coatings  with  mixtures  of 
oils.  Data  are  presented  as  transformed  values  [(MPa)''^'  ].  Error  bars  represent  one  standard 
deviation. 


'feet  of  Biocide  Additives 


Table  1.2.8  Comparison  of  biocide  additives. 


Treatment 

Coating  Additive  Description 

None 

Unmodified  Duplex  RTVl  1® 

Treatment  A 

10%  DMSC15  in  topcoat 

Treatment  B 

10%  DMSC15  in  tiecoat 

Treatment  +  Irgarol  1051 

10%  DMSC15  +  10%  biocide  by  weight  in  topcoat  or  tiecoat 

Treatment  +  Sea-Nine  211 

10%  DMSC15  +  10%  biocide  by  weight  in  topcoat  or  tiecoat 

The  effect  of  addition  of  biocides  to  RTVll®  coatings  with  oil  treatment  A  (10%  DMSC15  in 
the  topcoat)  or  B  (10%  DMSC15  in  the  tiecoat)  on  barnacle  and  oyster  adhesion  strength  was 
analyzed  with  a  two-way  ANOVA.  A  significant  difference  was  seen  for  both  the  main  effects, 
organism  type  and  coating  type  (p  <  0.001).  A  Tukey’s  pairwise  comparison  test  of  means 
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revealed  a  significant  difference  between  barnacle  and  oyster  adhesion  strength.  Oyster  adhesion 
strength  was  higher  than  barnacle  adhesion  strength  in  all  treatments  (Table  1.2.8  and  Figure. 
1.2.8).  Adhesion  strength  was  higher  on  RTVll  than  on  all  coatings  with  oil  and  biocide 
additions.  Incorporation  of  biocides  to  coatings  with  10%  DMSC  15  did  not  differ  from  those 
containing  DMSC  15  alone.  Adhesion  strengths  of  either  organism  did  not  change  when 
additions  were  made  to  the  topcoat  v.s.  the  tiecoat  for  each  oil. 
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Figure  1.2.8  Comparison  of  adhesion  strength  of  barnacles  and  oysters  to  RTVll®  coatings  with 
DMSC  15  and  biocides  in  the  topcoat  and  the  tiecoat.  Data  are  presented  as  transformed  values 
[(MPa)'^].  Error  bars  represent  one  standard  deviation. 

Effect  of  Oil  Addition  to  Epoxy 


Table  1.2.  9  Comparison  of  oil  addition  to  epoxy  coatings. 


Treatment 

Coating  Additive  Description 

None 

Unmodified  epoxy 

SF1154 

Epoxy  10%  Diphenyldimethylpolysiloxane 

DMSC  15 

Epoxy  10%  Carbinol  (hydroxyl)  terminated  polydimethylsiloxane 

The  effect  of  addition  of  oils  to  epoxy  on  barnacle  adhesion  was  analyzed  with  a  one-way 
ANOVA.  A  significant  difference  was  seen  among  treatments  (  p  =  0.006).  A  Tukey’s  pairwise 
comparison  of  means  revealed  a  significant  differences  between  epoxy  and  epoxy  +  10%  DMSC 
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15  (Table  1.2.9  and  Figure.  1.2.9).  Barnacle  adhesion  strength  on  all  treatments  was 
approximately  an  order  of  magnitude  greater  than  on  comparable  treatments  of  RTV 11®. 


EPOXY 


EPOXY+SF1154 

Coating  Treatment 


EPOXY+DMSC15 


Figure  1.2.9  Comparison  of  barnacle  adhesion  strength  to  epoxy  coatings  with  varying  oil 
additions.  Data  are  presented  as  transformed  values  [(MPa)'^'  ].  Error  bars  represent  one  standard 
deviation. 


DISCUSSION 

Comvarison  of  Oil  Type  and  Oil  Incorporation  Site 

The  comparison  of  barnacle  adhesion  strength  on  7  PDMS  silicone  formulations  with  varying 
silicone  oil  additives  in  3  different  silicone  matrix  locations  revealed  outstanding  results  for  one 
specific  oil  type.  Barnacle  adhesion  was  reduced  on  coatings  containing  DMSC15,  a  carbinol- 
terminated  polydimethylsiloxane,  compared  to  unmodified  coatings  and  coatings  containing 
other  oils.  Most  other  formulations  with  oil  additives  did  not  differ  in  barnacle  adhesion  strength 
from  the  unmodified  controls.  Results  for  treatments  that  did  show  differences  compared  to  the 
unmodified  controls  inconsistent  based  on  the  site  of  incorporation  of  the  additive.  For 
example,  PS563  and  PS835,  both  dimethylsiloxanes,  showed  reduced  barnacle  adhesion  when 

incorporated  into  the  tiecoat  under  the  RTVll  topcoat.  In  contrast,  SF1147,  a 
decylmethylsiloxane,  showed  reduced  barnacle  adhesion  strength  when  it  was  added  to  the 
topcoats  of  two  different  silicone  matrices,  RTV  1 1  and  the  silica  filled  base. 
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Comparison  of  Matrix  Type  and  Oil  Type 

Comparison  of  the  barnacle  adhesion  strength  to  two  RTV  addition  cured  silicone  coatings 
(RTVll®  and  RTV511)  with  four  different  additives  reinforces  the  observation  that  barnacle 
adhesion  strength  is  dependent  upon  oil  type  and  the  interaction  of  the  oil  with  the  bulk  matrix. 
Some  oils  produce  greater  or  lesser  effects  on  barnacle  adhesion  than  others,  based  on  the 
inherent  chemical  properties  of  the  oil.  For  example,  DMSC15  and  DMSC25  are  both  carbinol- 
terminated  PDMS  additives,  but  differ  in  viscosity,  molecular  weight,  and  the  percent  of  non- 
siloxane  components.  In  addition,  oils  may  react  differently  in  silicone  matrices  of  slightly 
differing  character.  Thus,  barnacle  adhesion  strength  on  two  opposing  silicone  matrices  varies 
according  to  additive  type.  For  example,  adhesion  onRTVl  1  with  DMSC25  is  lower  than  when 
this  oil  is  incorporated  into  RTV5 1 1;  the  reverse  appears  to  be  true  when  the  oil  is  SFl  154. 

Comparison  of  Oil  Molecular  Weisht  and  Location 

Comparison  of  barnacle  adhesion  strength  to  coatings  with  additions  of  diphenyl-dimethyl 
siloxane  oils  of  varying  molecular  weight  into  three  silicone  matrix  locations  (RTVl  1  topcoat, 
RTVll  tiecoat,  and  silica  fdled  base)  revealed  lower  adhesion  on  coatings  with  the  higher 
molecular  weight  oil  (PDV  0341).  This  is  in  contrast  to  results  for  the  carbinol  functional  oil 
(DMSC)  in  RTVll  and  RTV511.  Differences  in  adhesion  with  respect  to  location  of  the  oil 
were  also  noted.  The  additive,  PDV0341,  when  present  in  the  tiecoat  with  the  RTVl  1  topcoat 
produced  lower  barnacle  adhesion  strength  than  when  it  was  added  directly  to  the 
RTVll  topcoat.  It  is  suggested  that  physical  properties  other  than  molecular  weight  may 
combine  to  produce  characteristic  surface  characteristics  that  affect  biological  adhesion. 

Comparison  of  Loadins  Level  and  Location 

Comparison  of  barnacle  adhesion  strength  on  coatings  with  three  loading  levels  of  the  SFl  154 
additive  showed  reduced  adhesion  at  the  30%  level  compared  to  unmodified  RTVll  At  this 
loading  level,  the  location  of  the  additive  did  not  appear  to  affect  barnacle  adhesion.  Within  the 
silica  filled  base,  reduced  adhesion  compared  to  the  control  was  observed  at  the  10%  and  20% 
levels.  While  addition  of  the  SFl  154  oil  at  all  loading  levels  to  the  silica  filled  base  showed  15  - 
20%  reductions  in  barnacle  adhesion  strength  compared  to  the  unmodified  coating. 

Comparison  of  Filler  Type  and  Location 

Addition  of  five  different  fillers  (talc,  resin,  alumina,  graphite  and  carbon  black)  to  RTV  1 1  and 
silica  filled  base  coatings  containing  SFl  154  revealed  little  difference  in  barnacle  adhesion 
strength.  Slight  increases  in  the  mean  adhesion  were  observed  in  the  silica  filled  base  coatings 
compared  to  the  control  without  extra  filler  incorporation.  Barnacle  adhesion  on  silica  filled 

base  coatings  was  consistently  lower  than  on  the  RTVll  controls.  In  general,  the  type  of 
additional  filler  additions  had  no  significant  effect  on  the  adhesion  strength  of  barnacles. 
Coatings  with  resin  were  the  exception,  exhibiting  increased  barnacle  adhesion  over  the  controls. 

Comparison  of  Encapsulation  Type  and  Loadins  Level 

Encapsulation  of  the  SFl  154  additive  showed  no  effect  on  barnacle  adhesion  strength. 
Unmodified  RTVll  coatings,  and  coatings  with  capsule  type  A,  did  not  differ  in  barnacle 
adhesion  strength,  and  adhesion  was  lower  than  on  coatings  with  capsule  types  B  (at  30% 


1-27 


loading)  and  C  (at  10%  loading).  Possible  improved  performanee  with  the  use  of  capsule  A 
could  was  not  established.  Additional  experiments  studying  the  release  rate  of  A  encapsulated 
SFl  154  may  provide  further  information. 

Effect  of  Additive  Mixtures 

Mixtures  of  two  oils  in  RTVll  coatings  produced  a  mean  barnacle  adhesion  strength 
characteristic  of  the  better  performing  additive  compared  to  coatings  with  unmixed  additives. 
Equal  5%  mixtures  of  DBE224  and  SFl  154  exhibited  the  same  barnacle  adhesion  strength  as 
10%  DBE224  in  RTVll®.  Similarly,  mixtures  of  5%  DMSC15  +  5%  SFl  154  exhibited  barnacle 
adhesion  strengths  only  slightly  higher  than  10%  DMSC15  alone.  In  both  cases,  adhesion 
strength  was  significantly  lower  than  on  coatings  of  RTVll  +  10%  SFl  154  (which,  in  this 
case,  did  not  differ  statistically  from  unmodified  RTV 1 1  ). 

Effect  of  Biocide  Additives 

Additions  of  the  commercial  biocides,  Irgarol  1051  and  Sea-Nine  21 1  to  RTVl  1®  coatings  with 
the  oil  additive  DMSC15  provided  no  additional  benefit  in  terms  of  adhesion  strength  of 
barnacles. 

Effect  of  Oil  Addition  to  Epoxy 

Comparison  of  barnacle  adhesion  strength  to  epoxy  coatings  modified  by  oil  addition  revealed 
lower  values  on  epoxy  +  DMSC15  than  to  epoxy  +  SFl  154  and  to  unmodified  epoxy;  a  rank 
order  similar  to  that  observed  on  RTVl  1®  treatments.  However,  the  scale  of  adhesion  is  an  order 
of  magnitude  greater  on  epoxy  than  silicone.  It  should  be  noted  that  samples  consisted  of  three 
barnacles  per  coating,  since  most  barnacle  baseplates  failed  before  release  from  epoxy  substrates. 
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Table  1.2.10  Screening  panels 


AcroMfn 

ii, , , 

Paint  Name 

Date 

Started 

Mean 

MPa 

SDMPa 

Sample 

2061AC 

RTVll®  +10%  type  A  caps  (SFl  154) 

1/22/97 

0.070 

0.030 

33 

2061BC 

RTVll®  +10%  type  B  caps  (SFl  154) 

1/22/97 

0.078 

0.035 

50 

206  ICC 

RTVll®  +10%  type  C  caps  (SFl  154) 

1/22/97 

0.101 

0.035 

31 

2062AC 

RTVl  1®  +20%  type  A  caps  (SFl  154) 

1/22/97 

0.059 

0.025 

50 

2062BC 

RTVl  1®  +20%  type  B  caps  (SFl  154) 

1/22/97 

0.074 

0.031 

41 

2062CC 

RTVl  1®  +20%  type  C  caps  (SFl  154) 

1/22/97 

0.065 

0.025 

31 

2063AC 

RTVl  1®  +30%  type  A  caps  (SFl  154) 

1/22/97 

0.053 

0.023 

50 

2063BC 

RTVl  1®  +30%  type  B  caps  (SFl  154) 

1/22/97 

0.123 

0.047 

32 
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C336-6932d|rTV11®  +10%  DMSC15  in  J501 


C336-6933D  RTVll®  +10%  DBE224  in  J501 


C336-6934D  RTV11® +10%  SF1147  in  J501 


C336-6935D  RTVll®  +10%  PDV0341  in  J501 


C336-6936D  RTVll®  +10%  SFl  154  in  J501 


C336-6937D  RTVll®  +10%  PS835  in  J501 


C336-6938D  RTVll®  +10%  PS563  in  J501 


C336-6939D  RTVll®  +10%  PS406  in  J501 


C336-6940D  RTVll® +20%  SFl  154  in  J501 


C336-6941D  RTVll®  +30%  SFl  154  in  J501 


C336-6942D  RTVll®  +10%  PDV0331  in  J501 


C336-6943D  RTVll®  +10%  PDV0325  in  J501 


C336-7245D RTVll® +10%  SFl  154  +  10%talc 


C336-7246D RTVll® +10%  SFl  154  +  10%kaolin 


C336-7247D  RTVll®  +10%  SFl  154  +10%macro  resin 


C336-7248D  RTVll®  +10%  SFl  154  +10%alumina 


C336-7249D RTVll®  +10%  SFl  154  +10%2raphite 


RTVll®  +10%  SFl  154  +10%carbon 
C336-7250D  black 


RTVl  1  ®  + 1 0%3-aminopropyl 
KC220A3  tris(trimethylsiloxy)silane 


RTVll® +10% 

henyltris(trimethylsiloxy)silane 


RTVll® +5%S  FI  154  +5%MCRC13 


Cl 80-79- 10  RTV511 +10%DBF224 


C180-79-11  RTV511  +10%  SF96(350) 


C180-79-12  RTVll®  +10%V(O)(Acetylacetonate)2 


Cl 80-79- 13  RTVll® 


Cl 80-79- 14  RTV511  +10%  DMSC25 


C180-79-15  RTVll® +10%  DBFC31 


Cl 80-79- 16  RTV511 


C180-79-17  RTV511 +10%  SF1154 


C180-79-18  RTV511 +10%DMSC15 


Cl 80-79-2  RTVll® +5%  SFl  154  +5%DBE224 


RTVll® +10%  DMSC25 


RTVll® +10%  MCRC15 


RTVll® +5%  DMSC15  +5%  SFl  154 


RTVll® +10%  CMS222 


RTVll® +10%  C180-78-3 


RTVll® +10% 

trimethoxypropyltrimethylammonium 
Cl  80-79-8  chloride 


KC220B3 


C180-79-1 


C180-79-3 


Cl  80-79-4 


C180-79-5 


C180-79-6 


C180-79-7 


1/22/97 

0.029 

0.016 

47 

1/22/97 

0.006 

0.006 

12 

1/22/97 

0.071 

0.034 

60 

1/22/97 

0.052 

0.026 

51 

1/22/97 

0.070 

0.030 

33 

1/22/97 

0.043 

0.022 

39 

1/22/97 

0.055 

0.027 

53 

1/22/97 

0.058 

0.024 

52 

1/22/97 

0.067 

0.034 

39 

1/22/97 

0.062 

0.026 

37 

1/22/97 

0.061 

0.031 

53 

1/22/97 

0.066 

0.026 

59 

1/22/97 

0.063 

0.035 

50 

1/22/97 

0.070 

0.030 

31 

1/22/97 

0.091 

0.034 

46 

1/22/97 

0.070 

0.033 

31 

1/22/97 

0.079 

0.034 

37 

1/22/97 

0.075 

0.030 

28 

1/22/97 

0.184 

0.068 

30 

1/22/97 

0.065 

0.031 

50 

3/25/97 

0.063 

0.023 

23 

3/25/97 

0.055 

0.026 

12 

3/25/97 

0.054 

0.037 

18 

3/25/97 

0.140 

0.056 

21 

3/25/97 

0.097 

0.044 

36 

3/25/97 

0.069 

0.037 

27 

3/25/97 

0.095 

0.037 

30 

3/25/97 

0.075 

0.025 

39 

3/25/97 

0.050 

0.025 

23 

3/25/97 

0.022 

0.009 

6 

3/25/97 

0.040 

0.024 

20 

3/25/97 

0.044 

0.030 

35 

3/25/97 

0.050 

0.025 

25 

3/25/97 

0.027 

0.023 

4 

3/25/97 

0.055 

0.038 

33 

3/25/97 

0.132 

0.042 

38 

3/25/97 

0.119 

0.053 

30 
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C180-79-9  |rTV11®+10%C-439-1 


C336-845 1C  Silica  filled  base  +10%  SF1154  +10  %talc 


Silica  filled  base  +10%  SFl  154  +10% 
C336-8452C  neutral  alumina 


Silica  filled  base  +10%  SFl  154  +10% 
C336-8454C  graphite 


Silica  filled  base  +10%  SFl  154  +10% 
C336-8455C  carbon  black 


C336-8456C  Silica  filled  base 


Silica  filled  base  +10%  SFl  154  +10% 
C336-8457C  Amberchrom  resin 


C180-86-1C  RTVll®  +2.5%T1NUVIN770 


C180-86-2C  RTVll® +2.5%  Irganox  1076 


C 1 80-93 1 1 C  RTV5 11+1 0%  DMSC 1 5  C  caps  /J50 1 


Silica  filled  base  +10%  DMSC  15  C  caps 
C180-9312C/J501 


C 1 80-93 13C  RTVll®  +10%  DMSC  15  C  caps  /J501 


C180-9314C  RTVll® 


Silica  filled  base  +10%  DMSC  15  B  caps 
C180-9315C/J501 


Cl 80-93- 1C  Silica  filled  base  +10%  DMSC  15  in  J501 


C180-93-2C  Silica  filled  base  +10%  DMSC25  in  J501 


C180-93-3C  Silica  filled  base  +10%  SFl  154  in  J501 


C180-93-4C  Silica  filled  base  +10%  DBE224  in  J501 


C180-93-5C  RTV511  +10%  SF96(350)  in  J501 


C180-93-6C  Silica  filled  base  +10%  PS563  in  J501 


C180-93-7C  RTVll® +10%  DMSC  15  in  J501 


C180-93-8C  RTV511  +10%  DMSC  15  B  caps/J501 


C180-93-9C  RTVll® +10%  DMSC15  B  caps  /J501 


RTVll®  +10%  DMSC15/J501+  irgarol 
C193-106C  1051 


C193-107C  RTVll®  +10%  DMSC15/J501+  C921 1 


C193-108C  RTVll® +10%  DMSC15+  irgarol  1051 


C193-109C  RTVll®  +10%  DMSC  15+  C921 1 


C 1 80- 1 1 6 1 C  Epoxy/J50 1/RTVl  1  ® 


C180-1 162C  Epoxy/J501/RTVir+10%  DC5772 


Epoxy/J501/RTVll®+10%  DC5772 
C 1 80- 1 1 63C  + 1 0%  DMSC  1 5 


Epoxy/J501/RTV1 1®+10%  bound 
C180-1 164C  polydimethyldiphenylsiloxane 


Epoxy/J501/RTV1 1®+10%  tethered 
C180-1 165C  plydimethyldiphenylsiloxane 


Epoxy/J501/RTV11®+  10%tethered 
C180-1203Ccarbinol 


3/25/97 

0.046 

0.027 

25 

3/25/97 

0.056 

0.027 

21 

3/25/97 

0.062 

0.037 

25 

3/25/97 

0.059 

0.028 

25 

3/25/97 

0.070 

0.042 

21 

3/25/97 

0.041 

0.019 

33 

3/25/97 

0.084 

0.051 

24 

5/2/97 

0.076 

0.037 

28 

5/2/97 

0.076 

0.043 

55 

5/2/97 

0.043 

0.020 

33 

5/2/97 

0.045 

0.027 

9 

5/2/97 

0.044 

0.019 

28 

5/2/97 

0.100 

0.040 

41 

5/2/97 

0.036 

0.018 

16 

5/2/97 

0.013 

0.006 

7 

5/2/97 

0.055 

0.026 

12 

5/2/97 

0.043 

0.020 

19 

5/2/97 

0.036 

0.017 

12 

5/2/97 

0.064 

0.029 

20 

5/2/97 

0.062 

0.024 

19 

5/2/97 

0.029 

0.019 

19 

5/2/97 

0.054 

0.021 

16 

5/2/97 

0.052 

0.025 

28 

5/2/97 

0.023 

0.016 

8 

5/2/97 

0.019 

0.000 

1 

5/2/97 

0.031 

0.020 

18 

5/2/97 

0.032 

0.019 

4 

7/18/97 

0.073 

0.031 

22 

7/18/97 

0.295 

0.192 

5 

7/18/97 

0.105 

0.037 

25 

7/18/97 

0.059 

0.024 

4 

7/18/97 

0.101 

0.037 

31 

7/18/97 

0.091 

0.036 

8 
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C180-122-3 

RTVll®  +10%  SF1154  gel  caps 

8/15/97 

0.059 

0.033 

17 

C180-122-4 

RTVl  1  ®  + 1 0%  SF 1 1 54  + 1 0%SF  1 1 54  gel 
caps 

8/15/97 

0.038 

0.011 

10 

C180-122-5 

RTVll®  +10%  SF1154  gel  caps  in  J501 

8/15/97 

0.063 

0.031 

17 

C180-122-6 

RTVll®  +10%  DMSC15  caps 

8/15/97 

0.083 

0.045 

24 

C180-122-7 

RTV1®1 

8/15/97 

0.078 

0.033 

35 

C180-123-3 

RTV 11®  +  Capsicum 

9/10/97 

0.068 

0.025 

13 

C180-123-4 

RTV 11®  +  Capsicum  +E 

9/10/97 

0.087 

0.039 

26 

C180-126-1 

RTVll® 

10/18/97 

0.076 

0.027 

17 

C180-126-2 

RTV  11®+ 10%  DMSC15  +10%  DMSC15 
type  C  caps 

10/18/97 

0.040 

0.017 

12 

C5071-1 

RTVll® +0%DMSC  15 

4/17/98 

0.108 

0.042 

18 

C5071-2 

RTV11®+2%DMSC15 

4/17/98 

0.050 

0.033 

18 

C5071-3 

RTV11®+4%DMSC15 

4/17/98 

0.027 

0.023 

19 

C5071-4 

RTV11®+6%DMSC15 

4/17/98 

0.034 

0.018 

23 

C5071-5 

RTVll® +8%  DMSC15 

4/17/98 

0.026 

0.017 

18 

C5071-6 

RTV11®+10%DMSC15 

4/17/98 

0.026 

0.017 

18 

C5073-1 

AMERON  EPOXY 

5/6/98 

0.688 

0.053 

3 

C5073-2 

AMERON  +  SF1154 

5/6/98 

0.540 

0.054 

3 

C5073-3 

AMERON +  DMSC 15 

5/6/98 

0.397 

0.001 

2 
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SECTION  1.3  SUMMARY  OF  FIRST  DOWNSELECTION  PANEF  PERFORMANCE 


We  examined  the  adhesion  of  six  fouling  organisms,  the  barnacle,  Balanus  eburneus.  the 
gastropod  mollusc,  Crepidula  fornicata.  the  bivalve  molluscs.  Crass  os  trea  virsinica  and  Ostrea 
sandvichensis.  and  the  serpulid  tubeworms,  Hydroides  dianthus  and  K  elesans,  to  twelve 
silicone  fouling  release  surfaces.  Removal  stress  (adhesion  strength)  varied  among  the  fouling 
species  and  among  the  surfaces.  Principal  component  analysis  of  the  removal  stress  data 
revealed  the  fouling  species  fell  into  two  distinct  groups,  one  comprising  the  bivalve  molluscs 
and  tubeworms,  and  the  other  the  barnacle  and  gastropod  mollusc.  Adhesion  of  these  groups 
was  not  obviously  related  to  any  of  the  surface  physical  or  chemical  properties  measured  for  the 
silicone  materials,  including  critical  surface  tension.  None  of  the  silicone  treatments  generated 
a  minimum  in  removal  stress  for  all  the  organisms  tested,  although  several  surfaces  did  produce 
low  adhesion  strengths  for  both  groups  of  species. 

INTRODUCTION 

Based  on  the  sereening  panel  data  discussed  above,  the  153  coating  formulations  were 
downselected  to  13  (Table  1.3.1).  These  coatings  were  primarily  chosen  based  on  quantitative 
barnacle  adhesion  performance.  The  RTVl  1®  coating  was  included  as  a  control.  Coating  2  was 
employed  into  the  ESTCP  program.  Excellent  fouling  release  performance  was  seen  on  coatings 
4-8.  Coating  12  was  included  to  explore  the  possibility  of  using  the  tiecoat  as  a  reservoir  for  the 
oil,  thereby  enhancing  the  effective  lifetime  of  the  coating.  Coatings  10  and  11  employed  a 
similar  principle:  the  oil  could  be  hydrolyzed  very  slowly  from  the  surface.  An  organic  biocide 
was  incorporated  into  coating  13  and,  thus,  it  was  not  used  in  this  data  analysis.  Test  panels  of 
each  coating  were  deployed  at  Miami  Marine  Research  and  Testing  Station,  University  of 
Hawaii,  FIT,  SUNY  Buffalo,  and  2  Massachusetts  sites.  Here  we  describe  the  overall 
performance  of  the  first  downselect  panels  in  worldwide  exposure  conditions. 

Table  1.3.1.  Downselected  topcoat  formulations. 


Series 

Description 

1 

RTVl  1®  standard 

2 

RTV11®+  10%SF1154 

3 

Silica  filled  base  +  10%  SFl  154 

4 

RTV11®+  10%DBE224 

5 

RTV11®+  10%DMSC15 

6 

Silica  filled  base  +  10%  DMSC15 

7 

Silica  filled  base  +  10%  SFl  147 

8 

RTV11®  +  SF1147 

9 

RTVl  1®  +  5%  DBE224  +  5%  SFl  154 

10 

RTVl  1®  +  10%  Ablative  carbinol  oil 

11 

RTVl  1®  +  10%  Ablative  phenyl  oil 

12 

(J-501  +  10%  CMS222)  /  RTVl  1® 

13 

(J-501  +  10%  SEA-9-211)/RTVll®  +  10%  DMSC15 
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EXPERIMENTAL 


Panel  Preparation 

Surfaces  were  based  on  the  duplex  fouling-release  coating  system  developed  by  Griffith  at  the 
Naval  Research  Laboratories’.  This  coating  system  consists  of  an  epoxy  anticorrosive  layer 
(Amerlock  400FD),  mistcoat  (Epon-Versamide)  to  enhance  the  adhesion  of  the  tiecoat  to  the 
epoxy,  overcoated  with  a  toughening  layer  (tiecoat)  of  silicone-styrene  butylacrylate  copolymer 
(Wacker  Silgan  J501),  followed  by  a  silicone  top  coat.  The  silicone  topcoats  were  generated 
from  two  different  polydimethylsiloxane  elastomer  bases  (RTVll®  and  a  silica  filled  based 
variously  modified  by  addition  of  silicone  oils  (Table  1.3.1).  All  base  elastomers  were  obtained 
from  General  Electric  Silicones.  A  silica  filled  master  batch  was  prepared  according  to  literature 
methods  (U.S.  Patent  5,906,893).  To  40  g  of  the  resultant  master  batch  was  added  53  g  of 
silanol-terminated  polydimethylsiloxane  (MW  =  40,000,  1 .3  millimoles),  6  g  propylsilicate  (0.23 
moles)  and  1  g  of  silanol  terminated  polydimethylsiloxane  (MW  =  500,  2  millimoles).  To  100  g 
of  the  above  mixture  was  added  10  g  of  the  appropriate  oil.  The  oil-amended  coating  was 
catalyzed  with  0.9  g  dibutyltindilaurate  (1.3  millimoles).  RTVll®  was  amended  with  the 
appropriate  quantity  of  oil  and  catalyzed  with  0.5%  dibutyltindilaurate. 

The  duplex  system  was  applied  to  25.4  cm  x  30.5  cm  steel  panels  using  standard  airless  spray 
equipment. 

Synthesis  of  Ablative  Carbinol  Oil 

The  ablative  monocarbinol  oil  was  synthesized  by  reacting  tetraethyl  orthosilicate  with  a 
monocarbinol  terminated  polydimethylsiloxane  (MCR-C13  obtained  from  Gelest)  of  580 
molecular  weight  in  the  presence  of  0.2  mole%  dibutyltin  dilaurate  (DBTDL)  to  give  1.3  Kg  of 
triethoxy-terminated  polydimethylsiloxane  as  shown  below  in  Scheme  1.3.1.  This  material  was 
successfully  crosslinked  into  the  RTVl  1®  network  at  10  wt%  with  0.07  wt%  dibutyltin  dilaurate. 


H0-(CH2CH20)8(CH2)3 


CH,  CH, 

I  I 

Si-O-Si-CH. 

I  I 

CH3  CH3 


+ 


Si(OEt)4 


^  0.2%  DBTDL,  toluene 


CH3 

I 


CH3 

I 


(Et0)3-Si-0-(CH2CH20)8(CH2)3-  Si-O-Si"  CH3 

CH,  CH, 


EtOH 


Scheme  1.3.1  Preparation  of  ablative  carbinol  oil 
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Synthesis  of  Ablative  Polvdivhenvldimethvkiloxane  Oil 

The  synthesis  of  an  ablative  dimethylsiloxane-diphenylsiloxane  copolymer  was  prepared  in 
three  steps  as  shown  below  in  Scheme  1.3.2.  The  starting  material,  a  silanol  terminated 
diphenylsiloxane-dimethylsiloxane  copolymer  comprising  16  mole%  diphenylsiloxane,  was 

obtained  from  Gelest.  After  29 gi  nmR  characterization,  the  silanol  endgroups  of  the  -3,300 
molecular  weight  polymer  were  capped  with  dimethyldichlorosilane  at  -5°C  with  triethylamine 
to  give  the  chlorosilane  derivative.  The  chlorosilane  derivative  was  subsequently  reacted  with 
allyl  alcohol  and  triethylamine  to  give  the  bis-allyl  terminated  dimethyldiphenyl  siloxane 
copolymer.  Hydrosilation  with  triethoxysilane  and  Karstedfs  catalyst  at  70-75°C  gave  120  g  of 
the  triethoxy-terminated  dimethylsiloxane-diphenylsiloxane  copolymer. 

Unfortunately,  some  chain  extension  occurred  in  the  first  step  and  the  molecular  weight  doubled 
from  3,300  to  approximately  7,000.  This  was  possibly  due  to  the  method  of  monomer  addition, 
the  presence  of  residual  water,  or  the  rate  of  the  second  addition  of  dimethylchlorosilane  possibly 
being  faster  than  the  first.  The  latter  possibility  is  unlikely  since  a  3-fold  excess  of  Me2Cl2Si 
was  used. 


I 


I 


Ph 

I 


I 


H0-Si-0-(Si-0)27.7-(Si-0)6  3-Si-0H  -b  2  Me2Cl2Si  -b  2  NEtj 


Ph 


-5  C,  toluene 


Ph 

III  I  II 

Cl-Si-0-Si-0-(Si-0)55-(^Si-0)i3.5-Si-0-Si-Cl  -b  HClNEt3 

Ph 


I  I 

2 


I  I 


Ph 

I 


5  C 


I  I 


0-Si-0-Si-0-(Si-0)55-(^Si-0)i3  5-Si-0-Si-0 

*  *  '  Ph  *  * 


OH  +  2NEt3  -b  Et20 


^  -b  2  HCl  NEt, 


Karstedfs,  100  ppm  +  HSi(OEt)3 
t  70-75  C 


Ph 

I 


III  I  II 

(EtO)3Si-  ^^-0-Si-0-Si-0-(Si-0)55-(^Si-0),3.5-Si-0-Si-0  -  -Si-(OEt)3 

Ph 

=Scheme  1.3.2  Synthesis  of  polydimethyldiphenylsiloxane  oil 
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The  two  intermediates  and  final  product  were  characterized  by  1h  NMR  and  have  been 
submitted  for  29si  NMR  and/or  NMR  spectroscopy.  This  oil  was  successfully  crosslinked 
into  the  RTVl  1®  network  at  10  wt%  with  0.25  wt%  dibutyltindilaurate. 

Field  Exposure  Sites 

Two  panels  of  each  of  the  twelve  experimental  surfaces  were  immersed  at  four  test  sites:  two 
sites  at  the  head  of  the  Narragansett  Bay,  Massachusetts  (NEl,  NE2);  the  Florida  Institute  of 
Technology’s  exposure  and  testing  platform  in  the  Indian  River  lagoon  Florida;  Miami  Marine 
Research  and  Testing  site  in  Biscayne  Bay,  Florida,  and  the  University  of  Hawaii’s  exposure  site 
on  Ford  Island  in  Pearl  Harbor,  Hawaii. 

Massachusetts  test  sites 

Both  test  sites  in  Massachusetts  are  located  in  temperate  estuaries,  with  water  temperatures 
ranging  from  4°C  in  the  winter  to  24°C  in  the  summer,  and  salinities  from  257oo  to  31  7oo 
Fouling  at  these  sites  is  strongly  seasonal,  with  most  recruitment  occurring  during  the  spring  and 
summer.  Common  fouling  organisms  include  encrusting  bryozoans,  tunicates,  sponges,  and  the 
gastropod  Crepidula  fornicata^ 

Florida  Institute  of  Technology  (FIT) 

The  test  platform  in  Florida  is  located  in  an  estuary,  where  salinities  range  from  20%o  to  36  %o 
depending  on  the  season  and  occurrence  of  rainfall.  Mean  water  temperature  varies  from 
approximately  20°C  in  the  winter  to  30°C  in  the  summer,  and  tidal  currents  and  wave  action  are 
minimal^.  Settlement  of  fouling  organisms,  and  species  structure  of  the  fouling  community,  is 
affected  by  season  of  the  year^.  Common  fouling  organisms  include  the  barnacles  Balanus 
eburneus  and  B.  improvisus,  the  oyster  Crassostrea  virginica,  the  serpulid  tubeworm  Hydroides 
dianthus,  and  encrusting  bryozoans. 

University  of  Hawaii 

The  University  of  Hawaii’s  exposure  site  is  characterized  by  relatively  constant  water 
temperature  (24°C  to  27°C)  and  salinity  (34-3 5%o  )^-  The  location  experiences  little  current  or 
wave  action.  The  fouling  community  is  extremely  diverse  and  exhibits  no  strong  seasonality^. 
Important  fouling  organisms  include  the  serpulid  tubeworms  Hydroides  elegans  and  Salmacina 
dysteri,  the  oyster  Ostrea  sandvichensis,  and  several  species  of  sponges,  colonial  tunicates,  and 
encrusting  bryozoans. 

Measurement  of  Physical  Properties 

We  quantified  twelve  physical  properties  of  the  silicone  test  surfaces,  including  surface  tension 
(critical  surface  tension,  acid  and  base  components  of  polarity,  and  dispersion,  polar  and  summed 
[dispersion  and  polar]  components),  a  qualitative  rating  of  the  instability  of  various  fluids  (polar, 
methylene  iodide,  and  naphthalenes)  contacting  the  surfaces,  and  abrasion  resistance  as 
measured  by  depth  of  wear  after  2x10"^,  5x1  O'*,  and  9x10"*  strokes  of  a  rotating  brush.  Surface 
tension  values  were  determined  from  contact  angle  measurements  for  selected  diagnostic  fluids, 
using  a  Rame-Hart  NRLIOO  contact-angle  goniometer  ’  .  Dispersion  and  polar  components  of 
critical  surface  tension  were  calculated  using  Kaelble’s  paired  contact  angle  method^.  The  test 
for  abrasion  resistance  employed  a  rotating  brush  device  consisting  of  a  rotor  equipped  with  four 
nylon  bristle  brushes  mounted  at  equidistant  locations  around  the  perimeter'’.  Rotation  of  the 
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rotor  at  67  rpm  yielded  approximately  250  brush  strokes  per  minute  across  the  surface  of  a  3.8 
cm  X  3.8  cm  sample  coupon  of  the  silicone  treatment  of  interest.  The  coupon  was  loaded  with  a 
mass  of  290  g,  normal  to  the  direction  of  the  brush  stroke.  Depth  of  wear  of  the  silicone 
surfaces,  relative  to  two  reference  points  outside  of  the  brush  path,  was  measured  using  a  Starrett 
depth  gauge  (Model  25-441)^’’.  All  measurements  were  carried  out  at  the  University  at  Buffalo’s 
Industry/University  Center  for  Biosurfaces. 

Adhesion  of  Foulins  Orsanisms  in  Shear 

We  measured  the  shear  force  (removal  stress)  required  to  detach  fouling  organisms  from  the 
silicone  test  surfaces,  following  the  standard  methodology  described  in  ASTM  D5618  and  Swain 
&  Schultz"^.  At  the  Hawaii  test  site,  procedures  for  estimating  basal  area  were  modified  slightly 
to  allow  measurement  of  removal  stress  for  tubeworms^.  At  the  Florida  test  site,  basal  areas  of 
fouling  organisms  were  measured  directly  from  scanned  images.  All  forces  measured  were 
pooled  across  sampling  dates,  panel  faces,  and  replicate  panels  before  analysis.  No  tests  for 
temporal  variation  in  removal  stress  were  conducted. 

Statistical  Analysis 

Removal  stresses  were  heteroscedastic  in  all  but  one  case  (Crepidula  fornicata  from  site  NE2). 
Transformation  (log  [x+1])  did  not  improve  the  homogeneity  of  variances.  Consequently,  we 
used  the  non-parametric  Kruskal-Wallis  test  (//statistic)  to  examine  differences  in  removal  stress 
among  surface  treatments.  Separate  tests  were  conducted  for  each  organism  measured  at  each 
site.  Spearman  rank  correlation  coefficients  were  calculated  to  compare  removal  stresses 
between  organisms  and  between  sites.  All  correlation  calculations  were  based  on  the  mean 
removal  stress  for  a  particular  organism  on  a  particular  surface  treatment. 

We  used  principal  component  analysis  (PC A)  to  produce  groupings  of  surface  treatments  in 
terms  of  both  their  physical  properties  and  their  effects  on  the  adhesion  of  fouling  organisms. 
PCA  reduces  the  size  of  multivariate  data  sets  by  taking  the  original,  correlated,  variables  (for 
example,  removal  stresses  of  the  individual  fouling  organisms,  or  various  measures  of  surface 
tension)  and  generating  linear  combinations  of  these  variables  (the  principal  components)  that 
are  uncorrelated.  The  uncorrelated  principal  components  measure  distinct  characteristics  (or 
‘dimensions’)  of  the  original  data^.  PCA  may  be  a  useful  technique  for  identifying  surface 
treatments  to  which  several  types  of  fouling  organisms  adhere  poorly,  or  groups  of  surface 
physical  properties  that  are  characteristic  of  treatments  for  which  removal  stress  is  low.  All 
statistical  analyses  were  conducted  using  SAS  (SAS  Institute  Incorporated,  1989). 

RESULTS  AND  DISCUSSION 

The  removal  stresses  for  six  species  of  fouling  organisms  were  collected  from  the  downselected 
coatings:  the  gastropod  mollusc  Crepidula  fornicata  at  sites  NEl  and  NE2  in  Massachusetts;  the 
barnacle  Balanus  eburneus,  bivalve  mollusc  Crassostrea  virginica,  and  serpulid  polychaete 
Hydroides  dianthus  at  the  Florida  exposure  site;  and  the  bivalve  mollusc  Ostrea  sandvichensis 
and  serpulid  polychaete  Hydroides  elegans  at  the  site  in  Pearl  Harbor,  Hawaii.  C.  fornicata 
failed  to  settle  on  all  of  the  surface  treatments;  data  were  only  collected  for  surfaces  1-2  and  5-9 
at  site  NEl,  and  surfaces  1-4  and  6-11  at  site  NE2.  All  other  species  occurred  on  all  of  the 
surface  treatments. 
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Massachusetts  Test  Sites  (NEl  and  NE2) 

The  removal  stresses  measured  for  Crepidula  fornicata  were  very  low,  ranging  from  a  mean  of 
0.009  MPa  (RTVll®  +  5%  DBE224  +  5%  SF1154,  NEl)  to  0.042  MPa  (silica  filled  base  + 
SFl  154,  NE2).  At  both  sites,  there  were  significant  differences  among  the  silicone  treatments  in 
the  shear  stress  required  to  remove  C.  fornicata  from  the  panel  surface  (NEl,  H  =  62.56,  df  =  6, 
P  <  0.0001;  NE2,  H  =  36.15,  df  =  9,  P  <  0.0001).  Mean  removal  stresses  at  the  two  sites  were 
not  correlated  (r^  =  0.6,  n  =  6,  P  =  0.21),  although  a  positive  trend  was  apparent  that  may  have 
been  rendered  significant  if  individuals  of  C.  fornicata  had  been  available  for  testing  on 
additional  surface  treatments  (Figure  1.3.1). 


Surface  Treatment 


Figure  1.3.1  Mean  values  of  shear  stress  required  to  remove  the  gastropod  mollusc,  Crepidula 
fornicata  from  test  surfaces  exposed  at  the  Massachusetts  test  sites  NEl  (A.)  and  NE2  (B.). 
Error  bars  =  SDs;  H  =  value  of  the  Kruskal-Wallis  test  statistic  for  effect  of  surface  treatment  on 
removal  stress;  P  =  probability  >  H. 

FIT  Test  Site 

There  was  a  significant  effect  of  the  topcoat  formulation  on  removal  stress  for  all  of  the  species 
examined  at  the  Florida  site  {Balanus  eburneus,  H  =  745.73;  Crassostrea  virginica,  H  =  90.07; 
Hydroides  dianthus,  H  =  303.79;  df  =  1 1  and  P  <  0.0001  in  all  cases).  The  shear  stress  required 
to  remove  the  barnacle  B.  eburneus  (Figure  1.3.2)  was  generally  lower  than  that  required  to 
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detach  either  oysters  C.  virginica  (Figure  1.3.3^  or  tubeworms  H.  dianthus  (Figure  1.3. 4)^  Mean 
removal  stresses  for  B.  eburneus  ranged  from  0.024  MPa  (RTVll®  +  10%  DMSC15)  to  0.088 
MPa  (RTVll®  +  10%  ablative  phenyl  oil);  for  C.  virginica  the  range  was  from  0.033  MPa 
(RTVll®  +  10%  SF1147)  to  0.195  MPa  (Silica  filled  base  +  10%  SF1154),  and  for  if.  dianthus 
the  range  was  0.04  MPa  (RTVl  1®  +  10%  SFl  147)  to  0.276  MPa  (RTVl  1®  +  5%  DBE224  +  5% 
SF 1 1 54).  Mean  removal  stresses  for  the  three  species  were  uncorrelated. 


Surface  Treatment 


Figure  1.3.2  Mean  values  of  shear  stress  required  to  remove  the  barnacle,  Balanus  eburneus  from 
test  surfaces  exposed  at  the  Florida  test  site.  Error  bars  =  SDs;  H  =  value  of  the  Kruskal-Wallis 
test  statistic  for  effect  of  surface  treatment  on  removal  stress;  P  =  probability  >  H. 
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Surface  Treatment 


Figure  1.3.3.  Mean  values  of  shear  stress  required  to  remove  the  bivalve  mollusc,  Crassostrea 
virginica  from  test  surfaces  exposed  at  the  Florida  test  site.  Error  bars  =  SDs;  H  =  value  of  the 
Kruskal- Wallis  test  statistic  for  effect  of  surface  treatment  on  removal  stress;  P  =  probability  > 
H. 
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Surface  Treatment 


Figure  1.3.4  Mean  values  of  shear  stress  required  to  remove  the  serpulid  tubeworm,  Hydroides 
dianthus  from  test  surfaces  exposed  at  the  Florida  test  site.  Error  bars  =  SDs;  H  =  value  of  the 
Kruskal- Wallis  test  statistic  for  effect  of  surface  treatment  on  removal  stress;  P  =  probability  > 
H. 

University  of  Hawaii 

Removal  stresses  measured  for  oysters  Ostrea  sandvichensis  (Figure  1.3.5)  and  tubeworms 
Hydroides  elegans  (Figure  1.3.6)  in  Flawaii  were  also  strongly  affected  by  the  silicone  surfaces 
{O.  sandvichensis,  H  =  106.99;  H.  elegans,  H  =  1 14.08;  df  =  1 1  and  P  <  0.0001  in  both  cases). 
Mean  shear  stresses  required  to  remove  O.  sandvichensis  were  lowest  on  RTVll®  +  10% 
SF1147  (0.079  MPa)  and  highest  on  silica  filled  base  +  10%  DMSC15  (0.354  MPa),  while  for  77. 
elegans  the  range  in  mean  values  was  from  0.074  MPa  (silica  filled  base  +  10%  SF1147)  to 
0.269  MPa  (silica  filled  base  +  10%  SF1154).  Mean  removal  stresses  were  positively  correlated 
for  these  two  species  (i^  =  0.89,  n  =  12,  P  =  0.0001;Figure  1.3.7). 
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Surface  Treatment 


Figure  1.3.5  Mean  values  of  shear  stress  required  to  remove  the  bivalve  mollusc,  Ostrea 
sandvichensis  from  test  surfaces  exposed  at  the  Hawaii  test  site.  Error  bars  =  SDs;  H  =  value  of 
the  Kruskal-Wallis  test  statistic  for  effect  of  surface  treatment  on  removal  stress;  P  =  probability 
>H. 
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Surface  Treatment 


Figure  1.3.6.  Mean  values  of  shear  stress  required  to  remove  the  serpulid  tubeworm,  Hydroides 
elegans  from  test  surfaces  exposed  at  the  Hawaii  test  site.  Error  bars  =  SDs;  H  =  value  of  the 
Kruskal-Wallis  test  statistic  for  effect  of  surface  treatment  on  removal  stress;  P  =  probability  >  H 
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Figure  1.3.7.  Correlations  between  mean  removal  stresses  measured  for  different  fouling 
organisms  at  the  various  field  sites.  Only  comparisons  producing  significant  (P  <  0.05) 
Spearman  rank  correlations  are  shown,  i^  =  Spearman’s  rank  correlation  coefficient;  P  = 
probability  >  |r^|. 
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Comparisons  Amons  Sites  and  Principal  Component  Analysis  of  Removal  Stress 

Comparisons  among  the  sites,  of  the  mean  removal  stresses  measured  for  each  site’s 
characteristic  fouling  species,  yielded  few  significant  correlations.  The  shear  stress  required  to 
remove  Crassostrea  virginica  in  Florida  was  positively  correlated  with  that  required  to  remove 
Ostrea  sandvichensis  in  Flawaii  (r^  =  0.64,  n  =  12,  P  =  0.024;  Figure  1.3.7A).  Mean  removal 
stresses  for  Hydroides  dianthus  in  Florida  were  positively  correlated  with  mean  removal  stresses 
for  both  H.  elegans  (r^  =  0.88,  n  =  12,  P  =  0.0002;  Figure  1.3.7C)  and  O.  sandvichensis  (r^  = 
0.90,  n  =  12,  P  <  0.0001;  Figure  1.3.7D).  Mean  removal  stresses  measured  for  Balanus  eburneus 
and  Crepidula  fornicata  from  site  NE2  were  also  positively  correlated  (rsg  =  0.84,  n  =  10,  P  = 
0.0022;  Figure^l.3.7E). 

We  conducted  a  principal  component  analysis  (PC A)  using  the  mean  removal  stresses  for  all 
species  for  which  measurements  were  available  for  every  surface  treatment  {Balanus  eburneus, 
Crassostrea  virginica,  Hydroides  dianthus,  Ostrea  sandvichensis,  Hydroides  elegans).  The  first 
two  principal  components  produced  by  the  analysis  accounted  for  approximately  81.1%  of  the 
variance  in  the  shear  stress  data,  and  reflected  the  correlations  between  mean  removal  stresses 
described  above.  The  first  component  accounted  for  59.5%  of  the  variance,  and  was  positively 
correlated  to  the  shear  stress  required  to  remove  the  oysters  and  tubeworms  (Table  1.3.2).  The 
second  principal  component  accounted  for  21.6%  of  the  variance  and  was  positively  correlated  to 
mean  removal  stresses  measured  for  B.  eburneus  (Table  1.3.2).  The  remaining  three  principal 
components  were  uncorrelated  to  the  mean  removal  stresses  characteristic  of  any  of  the  fouling 
species. 

Table  1.3.2.  Spearman  rank  correlations  between  the  mean  shear  stresses  required  to  remove 
particular  fouling  species  from  the  surface  treatments,  and  the  principal  components.  Only 
significant  correlations  (P  <  0.05)  are  listed,  n  =  12  in  all  cases.  Mean  shear  stresses  to  remove 
Crepidula  fornicata  from  surface  treatments  at  the  NE2  site  were  significantly  correlated  to  the 
second  principal  component  (rgj,  =  0.75,  n=10),  but  were  not  used  in  the  calculation  of  the 
principal  components  themselves. 


Principal  Component 


1 


2 


Balanus  eburneus  0.96 

Hydroides  dianthus  0.89 

Crassostrea  virginica  0.70 

Hydroides  elegans  0.92 

Ostrea  sandvichensis  0.94 


A  graph  of  the  principal  component  scores  for  each  of  the  surface  treatments  (Figure  1.3.8) 
indicated  that  no  treatment  represented  a  minimum  in  removal  stress  for  all  the  fouling  species 
tested.  Surface  treatments  occurring  in  the  lower  left  quadrant  of  the  graph,  however,  do 
represent  materials  for  which  adhesion  of  both  classes  of  fouling  organisms  (as  identified  by 
PCA)  were  poor. 
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FIGURE  1.3.8  Clustering  of  the  silicone  surface  treatments  by  their  first  two  principal 
component  scores,  calculated  from  mean  values  of  removal  stress  for  the  five  fouling  organisms 
{Balanus  eburneus,  Crassostrea  virginica,  Hvdroides  dianthus,  Ostrea  sandvichensis,  Hydroides 
elegans)  for  which  data  were  available  for  every  surface  treatment.  Principal  component  1  is 
positively  correlated  with  the  removal  stress  observed  for  the  bivalve  molluscs  and  the 
tubeworms,  while  principal  component  2  is  positively  correlated  with  the  removal  stress  for  the 
barnacle  Balanus  eburneus  (Table  1.3.2).  Surface  treatments  occurring  in  the  lower  left  quadrant 
of  the  graph  produce  low  removal  stresses  (poor  adhesion  strength)  for  both  classes  of  fouling 
organisms  identified  by  the  PCA. 

Effects  of  Physical  Properties  of  the  Treatments  on  Removal  Stress 

We  quantified  twelve  physical  properties,  characteristic  of  the  silicone  surface  treatments  before 
they  were  exposed,  including  surface  tension  and  its  components,  the  instability  of  various 
diagnostic  fluids  when  applied  to  the  surface  of  the  treated  panels,  and  abrasion  resistance.  The 
treatments  displayed  critical  surface  tensions  between  20.5  mN»m'’  (RTVll®  +  10%  ablative 
carbinol  oil)  and  27.5  mN»m''  (silica  filled  base  +  10%  DMSC15),  within  the  range  of  critical 
surface  tensions  (20  -  30  mN»m'')  previously  detemiined  to  yield  low  adhesion’^.  Critical 
surface  tension  was  unrelated  to  either  of  the  principal  components  derived  from  the  mean  values 
for  removal  stress  (Figure  1.3.9). 
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Figure  1.3.9  Relationship  between  the  first  two  principal  components  calculated  from  mean 
values  of  removal  stress,  and  the  critical  surface  tension  of  the  surface  treatments. 
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We  used  a  second  PC  A  to  generate  principal  components  describing  the  characteristic  physical 
properties  of  the  silicone  surfaces.  The  first  four  principal  components  produced  by  the  analysis 
accounted  for  approximately  88%  of  the  variation  in  the  12-dimensional  data  set  of  physical 
properties.  The  first  principal  component,  accounting  for  39.6%  of  the  variance,  was  positively 
correlated  to  the  polar  and  summed  (dispersion  and  polar)  components  of  surface  tension,  and  to 
the  depth  of  wear  resulting  from  2x10“*  and  5x10“^  brushstrokes  (Table  1.3.3).  The  second 
principal  component  explained  27.5%  of  the  variance  in  the  data  set,  and  was  positively 
correlated  with  the  base  component  of  polarity  and  the  polar  component  of  surface  tension,  and 
with  the  qualitative  rating  of  the  instability  of  polar  fluids  (Table  1.3.3).  The  third  principal 
component  (13.1%  of  variance)  reflected  a  relationship  between  the  acid  component  of  polarity 
and  the  dispersion  component  of  surface  tension,  while  the  fourth  principal  component  (7.8%  of 
variance)  represented  the  instability  of  naphthalenes  (Table  1.3.3).  Critical  surface  tension  was 
not  correlated  to  any  of  the  first  four  principal  components,  although  the  rank  correlation  to  the 
first  principal  component  was  nearly  significant  (i^  =  0.57,  P  =  0.051).  The  remaining  principal 
components  were  not  correlated  to  any  of  the  surface  properties. 

Table  1.3.3  Spearman  rank  correlations  between  the  physical  properties  of  the  silicone  surfaces, 
and  the  principal  components  calculated  from  those  properties.  Only  significant  correlations  (P 
□  0.05)  are  listed,  n  =  12  in  all  eases.  Critical  surface  tension  was  uncorrelated  to  the  principal 
components  by  this  eriterion,  although  the  rank  eorrelation  to  the  first  principal  component  was 
nearly  signifieant  (rsj,  =  0.57,  P  =  0.05 1). 


Principal  Component  12  3  4 


Surface  Tension 
Critical  Surface  Tension  (y^^) 
Acid  Component  (y  ^) 

Base  Component  (y  *’) 
Dispersion  Component  (y  ‘') 
Polar  Component  (y  '^) 

Sum  (y  ) 

Fluid  Instability 
Polar  Fluids 
CH2I2 

Naphthalenes 
Abrasion  Resistance 
Post  2x10"^  brushstrokes 
Post  5x10"^  brushstrokes 
Post  9x10"^  brushstrokes 


-0.58 

0.69 

0.69 

0.72  0.64 

0.82 

0.96 

0.61 

0.78 

0.77 


In  order  to  examine  relationships  between  the  adhesion  of  the  fouling  organisms  and  the  surface 
properties  of  the  silicone  treatments,  we  plotted  the  principal  component  scores  derived  from  the 
mean  values  for  removal  stress  against  the  scores  derived  from  the  physical  properties  (Figure 
1.3.10).  The  shear  stress  required  to  remove  barnacles  appeared  to  exhibit  a  threshold,  with 
removal  stress  decreasing  rapidly  for  high  values  of  the  acid  component  of  polarity  and  low 


1-49 


values  of  the  dispersion  component  of  surface  tension  (Figure  1.3.10F).  We  observed  no  similar, 
or  otherwise  readily  apparent,  relationships  between  removal  stress  and  the  surfaces’  physical 
properties. 
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Principal  Component  1  -  Removal  Stress  Principal  Component  2  -  Removal  Stress 


Figure  1.3.10  Relationship  between  the  first  two  principal  components  calculated  from  mean 
values  of  removal  stress,  and  the  first  four  principal  components  calculated  from  the  physical 
properties  of  the  surface  treatments. 
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The  experimental  silicone  surfaces  varied  in  their  ability  to  prevent  the  strong  adhesion  of  six 
different  fouling  species.  As  observed  in  other  studies,  the  magnitude  of  the  force  required  to 
remove  an  individual  fouler  also  varied  across  species”.  Crepidula  fornicata  (Figure  1.3.1) 
consistently  required  the  lowest  shear  stress  for  detachment  from  the  surface  of  a  panel,  followed 
by  Balanus  eburneus  (Figure  1.3.2),  the  bivalve  molluscs  (Figures  1.3.3  and  1.3.5)  and  serpulid 
tubeworms  (Figures  1.3.4  and  1.3.6) 

In  order  for  a  fouling-release  coating  to  be  globally  effective,  it  must  prevent  strong  adhesion  by 
a  diversity  of  fouling  organisms  that  may  manifest  a  diversity  of  adhesion  mechanisms  .  If 
differences  in  the  magnitude  of  removal  stress  among  fouling  species  were  consistent  across 
surface  treatments,  development  of  a  globally-effective  fouling  release  material  would 
potentially  be  relatively  straightforward  -  the  surface  that  produced  the  lowest  value  of  removal 
stress  for  any  one  fouling  species  would  produce  the  lowest  value  for  all  of  them.  Our  data, 
however,  showed  that,  while  removal  stress  varied  among  species  and  among  surface  treatments 
(for  all  species  tested),  removal  stress  did  not  vary  across  surface  treatments  in  the  same  way  for 
all  species.  Correlations  between  the  mean  removal  stresses,  and  the  results  of  the  principal 
component  analysis  on  removal  stress  values,  indicated  that  the  fouling  species  we  examined  fell 
into  two  independent  groups  (Table  1.3.2).  One  group  consisted  of  the  bivalves  Crassostrea 
virginica  and  Ostrea  sandvichensis,  and  the  tubeworms  Hydroides  dianthus  and  H.  elegans 
(Table  1.3.2,  Figure  1.3.7A-D).  The  second  group  included  the  barnacle  Balanus  eburneus 
(Table  1.3.2);  Crepidula  fornicata  may  also  fall  into  this  group  as  mean  removal  stresses  for  this 
gastropod  (at  site  NE2)  were  correlated  to  removal  stresses  for  barnacles  and  to  the  second 
principal  component  derived  from  the  shear  stress  data  (Table  1.3.2  and  Figure  1.3.7E). 

Our  observation  of  two  distinct  classes  of  fouling  organisms,  defined  by  their  ability  to  adhere  to 
the  silicone  surface  treatments,  suggests  the  existence  of  at  least  two,  unique  or  uncorrelated, 
surface  physical  or  chemical  properties  affecting  organismal  adhesion.  The  identity  of  these 
properties  is  not  apparent.  Critical  surface  tension  is  an  important  determinant  of  the  ability  of  a 
surface  to  reduce  adhesio.  .  Effective  fouling  release  materials  present  critical  surface  tensions 
between  20-30  mN»m''  All  of  the  materials  we  tested  fell  within  this  range,  and  removal 
stress  was  not  obviously  related  to  critical  surface  tension  (Figure  1.3.9).  In  addition,  plots  of  the 
principal  components  defined  by  removal  stress,  against  the  principal  components  defined  by  the 
twelve  physical  properties  of  the  surfaces  measured  before  exposure  (Figure  1.3.10),  suggested 
that  none  of  these  properties  fully  explained  the  patterns  in  adhesion  that  we  observed.  Recent 
studies  have  shown  that  a  surface’s  elastic  modulus  and  thickness  can  also  affect  the  ease 
with  which  objects  affixed  to  the  surface  may  be  removed.  For  the  range  in  thickness  displayed 
by  our  silicone  test  materials,  however,  thickness  has  no  effect  on  the  shear  stress  required  to 
remove  barnacles. 

Given  that  a  myriad  of  adhesion  mechanisms  are  likely  to  exist  among  the  diverse  group  of 
organisms  that  occur  as  fouling,  it  is  perhaps  not  surprising  that  none  of  the  surfaces  represented 
in  this  study  generated  a  minimum  in  removal  stress  for  all  the  fouling  organisms  tested  (Figure 
1.3.8).  Several  surfaces,  however,  did  produce  low  values  of  removal  stress  for  both  the  groups 
of  fouling  organisms  defined  in  the  principal  component  analysis.  An  effective  fouling  release 
surface  may  not  need  to  represent  an  adhesion  minimum  for  all  fouling  species  if  removal 
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stresses  are  reduced  to  the  extent  that  sloughing  of  attached  organisms,  or  self-cleaning,  occurs  at 
reasonable  operating  speeds. 
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SECTION  1.4  OIL-BASE  TYPE  INTERACTIONS  AND  FINAL  DOWNSELECTION 


The  downselection  series  discussed  in  Section  1.3  was  further  evaluated  to  determine  the  ejfect 
of  the  compositional  variables  of  oil  type  and  base  type  on  organismal  adhesion  values.  We 
have  found  that  not  only  are  the  main  effects  important  in  determining  the  organismal  response, 
but  the  interaction  term  (oil  type  crossed  with  coating  type)  is  highly  significant  for  all 
organisms  studied  except  oysters  at  the  University  of  Hawaii  test  site  which  is  significant  at  the 
90%  confidence  level.  Using  the  Teguchi  method,  we  downselected  to  the  best  performing 
composition. 

INTRODUCTION 

In  section  1.1  we  reported  on  the  effect  of  crosslink  density  and  filler  loading  of  silicone  coatings 
on  their  fouling  release  properties.  We  found  an  inverse  correlation  between  foul  release 
performance  and  filler  loading.  However,  physical  properties  were  enhanced  by  addition  of 
filler.  Therefore,  the  best  foul  release  coatings  had  the  lowest  durability.  In  sections  1.2  and  1.3, 
we  examined  the  main  effect  of  oil  incorporation  on  foul  release  performance.  We  found  in 
some  cases,  oil  had  a  beneficial  effect.  Here,  we  describe  the  effect  of  the  oil  type 
(polydimethyldiphenylsiloxane,  hydrophilic  silicone  or  organic  compatible  silicone)  and  silicone 
coating  type  (calcium  carbonate  filled  versus  silica  filled))  on  macrofouling  attachment  strength 
at  two  different  sites  (Indian  River  Lagoon,  Melbourne,  Florida  and  Ford  Island,  Oahu,  Hawaii). 
We  also  deseribe  our  downseleetion  proeedure. 

EXPERIMENTAL 

Coatings  were  prepared  and  deployed  as  deseribed  in  Seetion  1.3. 

Coverase 

The  cumulative  coverage  at  the  University  of  Hawaii  was  monitored  according  to  the  standard 
method  for  testing  of  antifouling  panels  in  shallow  submergence  (ASTM  D3623).  The  panels 
were  inspected  quarterly. 

Statistical  Analysis 

Statistical  analyses  were  preformed  using  Minitab  and  Design  Expert.  ANOVA  analysis  and 
linear  regression  models  were  employed  to  evaluate  the  data.  A  Taguchi  inner  outer  array  was 
used  to  determine  the  optimum  coating.  All  data  was  normalized  by  adding  one  to  the  data 
followed  by  taking  the  natural  log  of  the  sum  for  use  in  ANOVA  and  linear  regression  analyses. 

RESULTS  AND  DISCUSSION 

Coverase 

A  statistical  Design  of  Experiments  (DOE)  was  performed  to  elucidate  the  effect  of 
compositional  variables  on  macrofouling  attachment  strength  and  coverage.  The  robust  design 
incorporated  two  silicone  base  systems  and  three  silicone  oil  types.  Silicone  bases  were 
comprised  of  either  a  silica  fdler  or  RTVll®  and  oil  types  comprised 
polydimethyldiphenylsiloxanes  (SF1154),  hydrophilic  siloxanes  (DMSC15)  or  organic 
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compatible  siloxanes  (SF1147).  Both  silicone  coatings  were  crosslinked  via  condensation  in 
which  telechelic  silanol  polymers  were  reacted  with  tetraalkoxysilanes  using  dibutyltindilaurate 
as  the  catalyst  in  the  presence  of  either  silica  or  calcium  carbonate  fdlers.  Fillers  are  necessary 
for  mechanical  integrity  because  of  the  inherent  weakness  of  silicone  coatings.  Oils  were 
incorporated  at  10-wt%  prior  to  addition  of  the  catalyst.  A  general  scheme  for  preparation  of  the 
coatings  is  given  in  Scheme  1.4.1. 


Coverage  assays  were  performed  at  the  University  of  Hawaii  after  12  months  exposure. 
Substantial  differences  in  macro  fouling  coverage  were  seen  on  the  different  coatings  (Figure 
1.4.1).  The  benefit  of  oil  incorporation  on  coverage  was  a  function  of  the  oil  type  and  coating 
system.  For  example,  RTVll®  had  similar  coverage  to  that  of  RTVll®  amended  with  SF1154 
oil,  but  a  higher  degree  of  coverage  than  that  found  for  RTVll®  amended  with  either  the 
DMSC15  or  SF1147.  In  general,  fouling  was  present  in  greater  quantities  on  coating  systems 
containing  silica  filler  than  on  RTVll®;  however,  the  effect  of  oil  was  dependent  upon  the 
coating  system  into  which  it  had  been  incorporated.  Whereas  the  RTVll®  coating  system  with 
DMSC15  oil  exhibited  little  fouling,  the  comparable  silica  filled  system  was  heavily  fouled  with 
oysters.  Thus,  the  main  effects  of  oil  type  and  coating  system  were  important  in  determining  the 
efficacy  of  the  coatings,  but  more  significantly,  there  is  an  interaction  between  the  coating  and 
the  oil  type  that  dictated  the  degree  of  fouling  accumulation. 


1" 


/vwSi — OH 


HO— Si 


RO^  ^OR 
RO  OR 


f- 


t 


- - 'Si — OH 


HO-Si 


f 


Sn  (IV) 


=  4-0— Si-FO-Si — OH 


Slv 

t  /  \  I. 

- O  O - 

I  I 


+  4  ROH 


Scheme  1.4.1.  Generalized  scheme  of  crosslinking  of  silicone  foul  release  coating 
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Figure  1.14.1.  Effect  of  model  silicone  coating  and  oil  type  on  macrofouling  coverage  at 
University  of  Hawaii. 

A)  RTVll®;  B)  RTVll®with  SF1147;  C)  RTVll®  with  DMSC15;  D)  RTVll®  with  SF1154; 
E)  Silica  filled  model  system  with  SF1147;  F)  Silica  filled  model  system  with  DMSC15,  G) 
Silica  filled  model  system  with  SFl  154 

Barnacle  Attachment  at  FIT 

Attachment  strengths  of  macrofouling  organismsat  the  FIT  site  were  determined  on  the  six  oil- 
amended  coatings  using  a  force  gauge  (barnacles,  tubeworms  and  oysters)  and  the  University  of 
Hawaii  (oysters  and  tubeworms).  A  check  of  gage  reproducibility  and  repeatability  was 
performed  on  the  force  gauge  using  standard  weights  rather  than  barnacles.  The  study  employed 
two  operators,  four  weights  and  ten  measurements  per  each  weight  per  each  operator.  The  force 
gauge  had  a  total  standard  deviation  for  reproducibility  and  repeatability  of  0.007  with  a 
repeatability  standard  deviation  of  0.005  and  reproducibility  standard  deviation  of  0.005. 

In  order  to  distinguish  between  the  means  of  the  organismal  adhesion  strengths,  large 
populations  of  organisms  were  sampled  over  a  1.8-year  timeframe.  For  example,  1328  Balanus 
eburneus  measurements  were  performed  on  the  six  coatings  to  ensure  that  the  means  had  small 
95%  confidence  intervals  so  that  we  could  statistically  distinguish  coating  performance 
differences.  An  analysis  of  variance  (ANOVA)  provided  a  p  value  of  0.000  with  an  F  factor  of 
67.12  (Table  1.4.1;  Figure  1.4.2). 
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Table  1.4.1.  ANOVA  analysis  for  barnacle  adhesion  strength  (balanus  eberneus)  on  the  six 
coatings  at  FIT 

Source  DF  SS  MS  F  P 

Acronym  5  0.226581  0.045316  80.98  0.000 

Error  1323  0.740326  0.000560 
Total  1328  0.966908 

Individual  95%  Cls  For  Mean 
Based  on  Pooled  StDev 


Level 

2 

N 

219 

Mean 

0.04241 

StDev 

0.01938 

1 

1 

+ 

1 

1 

1 

3 

213 

0.07339 

0.03789 

(-*-) 

5 

91 

0.02371 

0.01633 

(-*--) 

6 

138 

0.04116 

0.02340 

(--*-) 

7 

299 

0.04055 

0.01960 

(*-) 

8 

369 

0.04157 

0.01955 

(-*) 

Pooled  StDev  =  0.02366  0.032  0.048  0.064 


RTV11+SF1154  Silica  base  +  RTV11  +  Silica  base  +  RTV11 +SF1147  Silica  base + 

SF1154  DMSC15  DMSC15  SF1147 

Figure  1.4.2.  Mean  barnacle  {balanus  eberneus)  adhesion  strengths  for  the  six  coatings  at  FIT. 

Linear  regression  analysis  was  performed  to  determine  whether  the  coating  composition  or  oil 
type  as  well  as  the  interaction  term  of  coating  composition  with  oil  type  were  significant  factors 
in  determining  barnacle  adhesion  strengths.  Both  main  effects  and  the  interaction  term  were 
statistically  significant  (Figure  1.4.3,  Table  1.4.2).  Thus,  not  only  was  the  barnacle  attachment 
strength  a  function  of  which  model  coating  was  employed  as  well  as  which  oil  was  used,  it  was 
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also  dependent  upon  which  oil  was  incorporated  into  which  silicone  coating.  Attachment 
strengths  were  generally  lower  in  RTVl  1®  than  in  the  silica  filled  base.  Although  DMSC15  oil 
provided  the  lowest  attachment  strength  in  the  RTVll®  system,  its  performance  in  the  silica 
filled  system  was  comparable  to  SF1147.  The  highest  attachment  strength  was  obtained  on  the 
silica  filled  coating  systems  amended  with  SFl  154. 


Figure  1.4.2.  Interaction  plot  of  barnacle  {balanus  eberneus)  adhesion  strength  vs.  coating  type 
at  FIT. 


Table  1.4.2.  Linear  regression  model  for  barnacle  adhesion  strength  {balanus  eberneus)  vs. 
coating  type  and  oil  type  at  FIT. _ _ _ _ _ 


Source 

DF 

F 

P 

Oil 

2 

39.451 

45.862 

22.931 

101.97 

0.000 

1 

15.938 

25.174 

25.174 

111.94 

0.000 

Oil*Coating 

Type 

2 

20.084 

20.084 

10.042 

44.66 

0.000 

Error 

1323 

297.518 

297.518 

0.225 

Total 

1328 

372.991 

Photographs  of  the  basal  plates  of  barnacles  {balanus  improvisus)  removed  from  three  different 
coatings  are  shown  in  Figure  1.4.3.  It  is  evident  that  the  morphology  of  the  basal  plate  is 
dependent  upon  the  surface  from  which  it  was  removed.  The  barnacle  basal  plate  removed  from 
the  oil-amended  coating  was  smooth;  whereas  the  basal  plate  of  the  barnacle  removed  from  the 
RTVl  1®  coating  has  a  ringed  tree-like  structure.  Detachment  from  the  copper  coated  PVC  was 
difficult  and  resulted  in  partial  fracture  within  the  plate. 
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Figure  1.4.3.  Barnacle  (balanus  improvisus)  basal  plates  removed  from  different  surfaces  at  FIT 
A)  RTVl  1®B)  RTVl  1®  with  DMSC15  C)  Copper  coated  PVC. 

Oyster  and  Tubeworm  Attachment  Strensths  at  FIT 

Linear  regression  analyses  of  the  adhesion  strengths  of  tubeworms  and  oysters  at  FIT  indicate 
that  both  main  effects  of  silicone  coating  type  and  oil  type  are  significant  (Figures  1.4.4,  1.4.5; 
Tables  5,  6).  Interaction  plots  for  both  organisms  show  a  significant  dependence  on  the  cross¬ 
term  of  coating  type  and  oil  type.  As  noted  previously,  the  response  of  the  coatings  to 
tubeworms  and  oysters  is  quite  similar  and  very  different  than  that  of  barnacles.  The  RTVll® 
coatings  always  had  lower  adhesion  values  compared  with  silica  coatings.  For  tubeworms  and 
oysters,  the  RTVll®  coating  amended  with  ALTSF1147  had  the  lowest  response;  whereas  the 
RTVll®  coating  containing  DMSC15  had  the  lowest  response  against  barnacles.  For  both 
organisms,  the  silica  filled  systems  amended  with  SFl  154  exhibited  the  worst  performance. 
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Figure  1.4.5.  Interaction  plot  of  oyster  adhesion  strength  vs.  coating  type  at  FIT. 


Table  1.4.4.  Linear  regression  model  for  oyster  adhesion  strength  vs.  coating  type  and  oil  type  at 
FIT. 


Source 

DF 

BLTiHliSia 

F 

P 

Oil 

2 

0.9888 

0.5359 

0.2680 

3.72 

0.029 

1 

9.4661 

5.6175 

5.6175 

77.89 

0.000 

OiHCoating 

Type 

2 

1.1132 

1.1132 

0.5566 

7.72 

0.001 

Error 

76 

5.4813 

5.4813 

0.0721 

Total 

81 

17.0493 

Oyster  and  Tubeworm  Attachment  Strensths  at  University  of  Hawaii 

Performance  of  the  coatings  against  tubeworms  and  oysters  in  Hawaii  showed  again  that 
RTVl  1®  systems  performed  better  than  silica  filled  coatings.  SFl  147  in  either  coating  exhibited 
the  lowest  adhesion  values.  With  both  organisms,  the  main  effects  were  significant.  However, 
the  interaction  term  of  oil  type  crossed  with  coating  type  was  only  significant  for  tubeworms  at 
the  95%  confidence  level  (Figures  1.4.6  and  1.4.7;  Tables  1.4.5  and  1.4.6).  Interaction  plots  were 
similar  for  both  organisms. 
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Figure  1.4.6.  Interaction  plot  of  tubeworm  adhesion  strength  vs.  coating  type  at  University  of 
Flawaii. 

Table  1.4.5.  Linear  regression  model  for  tubeworm  adhesion  strength  {Hydroides  elegans)  vs. 
coating  type  and  oil  type  at  University  of  Hawaii.  _ _ _ 


Source 

DF 

Adi.  MS 

F 

P 

Oil 

2 

12.1003 

14.2154 

7.1077 

16.75 

0.000 

1 

8.1777 

9.7972 

9.7972 

23.08 

0.000 

OiUCoating 

Type 

2 

12.0800 

12.0800 

6.0400 

14.23 

0.000 

Error 

162 

68.7524 

68.7524 

0.4244 

Total 

167 

101.1104 
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Figure  1.4.7.  Interaction  plot  of  oyster  adhesion  strength  vs.  coating  type  at  University  of 
Flawaii. 

Table  1.4.6  Linear  regression  model  for  oyster  adhesion  strength  vs.  coating  type  and  oil  type  at 
University  of  Hawaill.  _ _ _ _ _ 


Source 

DF 

F 

P 

Oil 

2 

10.6671 

6.8606 

3.4303 

13.59 

0.000 

1 

13.2648 

10.3216 

10.3216 

40.88 

0.000 

OiUCoating 

Type 

2 

1.4699 

1.4699 

0.7349 

2.91 

0.059 

Error 

110 

27.7725 

5.4813 

0.0721 

Total 

115 

53.1742 

Downselected  Composition 

The  composition  of  the  optimal  coating  with  respect  to  attachment  strengths  of  macrofouling 
organisms  was  determined  using  a  Teguchi  inner-outer  array  design  analysis  of  the  data.  The 
inner  array  contained  the  control  factors  of  oil  type  and  coating  type  in  a  full  factorial  design. 
The  outer  array  contained  the  noise  factors  for  organism  type  and  site  in  a  full  factorial  design. 
The  average  of  the  averages  of  adhesion  values  were  calculated  as  well  as  the  average  of  the 
averages  of  the  standard  deviation  (Table  1.4.7).  Using  this  method  of  analysis  the  best 
performance  against  all  organisms  at  both  sites  was  exhibited  by  the  RTVll®  coating  amended 
with  SF1147. 

Other  attributes  of  the  downselected  topcoat  (RTVl  1®  +  10%  SFl  147)  are  described  in  later 
sections.  These  include: 

•  Good  hydrodynamic  performance  (Task  2) 
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•  Durable,  compatible  with  tiecoat,  repairable,  easy  to  apply  (Task  2) 

•  Toxicity  and  oil  exudates  rate  within  acceptable  limits  (Task  3) 

•  Manufacturable-  all  off  the  shelf  products. 

Based  upon  the  above  considerations,  we  have  chosen  RTVl  1®  +  10%  SFl  147  as  our  best 
performing  topcoat. 

Table  1.4.7  Teguchi  analysis  of  optimal  composition. 


Outer  Array 
Noise  Factors 
Organisms  (3) 
Site(2) 

Full  factorial  design 


panel  # 

Matrix/Base 

Oil 

Overall  average 
(mPa) 

Overall  Standard 

deviation 

2 

Calcium 
carbonate  tilled 

SF1154 

0.081 

0.021 

3 

Silica  tilled 

SF1154 

0.206 

0.043 

5 

Calcium 
carbonate  tilled 

DMSC15 

0.099 

0.027 

6 

Silica  tilled 

DMSC15 

0.204 

0.052 

7 

Silica  base 

SF1147 

0.086 

0.017 

8 

Calcium 

carbonate  filled 

SFl  147 

0.058 

0.021 
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TASK  2.  OPTIMIZATION  OF  PHYSICAL  AND  APPLICATION 
PROPERTIES  OF  THE  FOULING  COATING  SYSTEM 

SECTION  2.1  PHYSICAL  PROPERTY  OPTIMIZATION 

The  coating  systems  that  were  designed  during  this  program  were  evaluated  for  physical 
properties,  system  (interfacial)  adhesion,  and  recoatability.  A  requirement  of  the 
program  was  to  develop  a  coating  system  in  which  the  properties  were  not  compromised 
by  oil  inclusion.  The  final  downselected  coating  (Amerlock  400FD  epoxy; 
SEA210A/SCM501C;  RTVll®  +  SF1147)  was  evaluated  for  abrasion  resistance  using  a 
modified  crockmeter  before  and  after  4  months  of  water  immersion.  No  measurable 
damage  was  evident  after  1000  abrasion  cycles.  The  system  adhesion  of  the  final  fouling 
release  coating  showed  cohesive  interfacial  failure  in  peel  mode  after  water  immersion 
542  ±17  N/m).  The  GE  repair  and  recoat  package  was  validated  under  wet  and  dry 
conditions  before  and  after  water  exposure  over  all  layers  of  the  fnal  downselected 
fouling  release  coating  system. 

INTRODUCTION 

Physical  properties  of  the  fouling  release  coatings  developed  in  Task  1  were  measured. 
As  the  coatings  were  modified,  the  physical  properties  were  evaluated  to  ensure  that  they 
were  not  compromised.  Adhesion  of  the  coating  system  was  evaluated  using  wet  and  dry 
peel  adhesion  methods.  A  repair  and  recoat  package  was  developed  and  tested  for 
adhesion  over  all  layers  of  the  final  downselect  coating  (Amerlock  400FD  epoxy; 
SEA210A/SCM501C;  RTVl  1®  +  SFl  147). 

EXPERIMENTAL 

Preparation  of  Samples  for  Physical  Property  Testins 

The  topcoat  formulations  were  comprised  of  the  silicone  base,  an  oil,  and  catalyst  (for 
example;  RTVll®  +  10%  SFl  147  +  0.4%  dibutyltindilaurate).  The  topcoat  formulation 
was  thoroughly  mixed  and  poured  into  Teflon  molds  (10.1  cm  x  12.7  x  0.2  cm).  To 
ensure  a  uniform  thickness,  the  excess  material  was  removed  using  a  straight  edge.  After 
24  hours  at  room  temperature,  the  coatings  were  removed  Irom  the  molds.  The  sheets 
were  allowed  to  cure  at  ambient  temperature  for  6  additional  days. 

Evaluation  of  Tensile  Properties  and  Tear  Sstrensth  of  the  Tiecoat  and  Topcoat 
The  tensile  strength  of  the  coating  was  determined  using  the  American  Society  for 
Testing  and  Materials  method  for  vulcanized  rubber  and  thermoplastic  elastomers 
(ASTM  D4 12-98).  The  tensile  specimens  were  cut  using  a  dumbbell  die  C  cutter.  The 
thickness  of  the  test  area  of  each  tensile  specimen  was  measured  using  an  Ames  Testing 
Machine,  Inc.  micrometer.  The  tear  strength  of  the  topcoat  material  was  evaluated  using 
ASTM  method  D624-98  developed  for  conventional  vulcanized  rubber  and  thermoplastic 
elastomers.  Specimens  were  cut  using  a  dumbbell  die  B  cutter.  The  samples  were  nicked 
using  an  Fl.W.Wallace  Tear  Test  Nicking  Cutter  Machine  model  S6/3/6.  Tensile 
properties  and  tear  strength  were  measured  using  a  Model  4202  Instron. 
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Tensile  Modulus 

The  dynamic  tensile  moduli  of  the  silicone  elastomers  were  measured  using  a 
Rheometrics  Solids  Analyzer  Model  RSA  11.  Test  specimens  having  nominal  dimensions 
of  1.5  mm  X  10  mm  x  25  mm  were  cut  from  sheets  of  the  silicone.  The  measurements 
were  performed  in  tension  using  the  film  fixtures.  This  geometry  was  found  to  provide 
the  most  reliable  data  of  the  various  options  available.  All  measurements  were  performed 
at  room  temperature  over  a  frequency  range  from  0.1  to  100  rad/s  with  applied  strain 
amplitude  of  0.5%. 

Abrasion  Resistance 

Panels  for  the  abrasion  resistance  testing  were  prepared  using  the  same  method  described 
in  Task  1.  The  coatings  consisted  of  a  metal  substrate,  Amerlock  400  FD  epoxy, 
SEA210A/SCM501C  (tiecoat),  and  RTVll®  +  oil  (topcoat).  The  abrasion  test  was 
performed  using  an  AATCC  model  CM5  crockmeter  modified  with  a  glass  stylus.  A 
panel  was  secured  under  the  stylus  and  the  stylus  was  cycled  1 000  times,  after  which  time 
the  panel  was  visually  inspected  for  damage.  The  depth  of  the  abrasion  was  measured  by 
preparing  an  epoxy  (Buehler  Epo-Mix)  mold  of  the  scratch.  The  epoxy  was  allowed  to 
cure  for  24  hours  at  ambient  temperature  prior  to  depth  profiling  using  a  Dektak  11. 

9(]f'  Peel  Adhesion 

Peel  adhesion  samples  were  tested  using  modified  ASTM  method  D429-99  for  adhesion 
to  rigid  substrates.  The  coatings  were  applied  to  a  grit  blasted  steel  plate  (15.2  cm  x  5.1 
cm).  After  blasting,  the  steel  coupons  were  wiped  with  isopropanol  and  allowed  to  dry. 
Coupons  were  placed  on  contact  paper  and  both  sides  were  coated  with  Amerlock  400 
FD.  The  next  day  the  tiecoat  was  applied  over  the  cured  epoxy.  A  sheet  of  Osnaburg 
cloth  was  brushed  with  tiecoat  and  incorporated  into  the  tiecoat  layer.  After  24  hours,  the 
topcoat  was  applied. 

The  coating  system  was  cured  at  ambient  temperature  for  7  days  after  which  time  the 
coupons  were  separated  and  removed  from  the  contact  paper.  A  set  of  coupons  was 
immersed  for  a  month  in  a  38  E  aquarium  tank  with  a  filled  with  Milli-Q  water.  The 
water  was  filtered  through  an  activated  carbon  fish  tank  filter  and  the  tank  contained  a 
bubble  aeration  system.  During  coupon  incubation,  7.5  L  of  water  were  changed  once  a 
week.  For  both  dry  and  wet  coupons,  a  2.5  cm  wide  strip  was  cut  in  the  sample  using  a 
15.2  cm  by  2.5  cm  template.  Each  wet  coupon  was  kept  immersed  until  it  was  tested. 
Immediately  prior  to  testing,  the  coupon  was  wiped  dry  and  cut.  The  coupon  was  placed 
in  the  peel  apparatus  and  peeled  on  a  4505  Instron  tester.  According  to  the  specifications 
in  ASTM  D429-99. 

Recoat  and  repair  Validation 

A  test  protocol  was  developed  to  evaluate  the  performance  of  the  GE  repair/recoat 
package  under  wet  and  dry  testing  conditions.  In  addition,  the  effect  of  water  immersion 
prior  to  application  of  the  recoat  and  repair  system  was  evaluated  (Figure  2.1.1).  Peel 
adhesion  data  were  obtained  on  all  possible  combinations. 
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Epoxy 


Epoxy  &  tiecoat 


Epoxy,  tiecoat  &  topcoat 


8  panels  8  panels  8  panels  8  panels  8  panels  8  panels 


4  wet  4  dry  4  wet  4  dry  4  wet  4  dry 

A-  Samples  were  painted,  allowed  to  cure  for  21  days  and  then  the  repair/recoat  system  was  applied 
B-  Samples  were  painted,  allowed  to  cure  for  16  day  and  then  were  immersed  in  MilliQ  water  for  72 
hours.  The  panels  were  removed  from  the  water,  allowed  to  dry  overnight,  and  then  the  repair/recoat 
system  was  applied. 

Figure  2.1.1.  Recoat/repair  evaluation  procedure. 

All  peel  adhesion  samples  were  tested  as  follows: 

1)  Surfaces  were  wiped  with  naphtha  and  allowed  to  air-dry. 

2)  Repair/recoat  package  was  applied  to  the  surface. 

3)  Osnaburg  cloth  was  incorporated  into  the  GE  repair/recoat  package. 

4)  The  repair/recoat  package  was  allowed  to  cure  overnight. 

5)  The  GE  topcoat  was  applied. 

6)  The  same  procedure  as  described  for  the  90°  testing  peel  testing  was  followed. 

RESULTS 
Topcoat  Testins 

Tensile  and  tear  physical  properties  of  topcoats 

Physical  property  measurements  were  performed  on  downselected  topcoat  formulations 
and  the  RTV 11®  control  (Table  2.1.1).  Results  of  measurements  on  the  other  topcoat 
formulations  can  be  found  in  Appendix  2.A. 


Table  2.1.1. 1 

’hysical  properties  of  foulin, 

o  release  topcoa 

t  formulations 

Downselect 

Number 

Composition 

Tensile  Stress 
(MPa) 

Tensile 
Elongation 
at  Break  (%) 

Die  B  tear 
Maximum 
Stress  (MPa) 

1 

RTVll® 

2.130  ±0.372 

228  ±  42 

0.159  ±0.007 

5 

RTV11®+  10%DMSC15 

1.503  ±0.965 

140 

0.172  ±0.024 

8 

RTV11®  +  SF1147 

1.703  ±0.331 

186  ±10 

0.131  ±0.006 

2-3 


Tensile  modulus  of  topcoats 

The  tensile  modulus  was  measured  on  the  downselected  topcoats  amended  with  oils  and 
the  RTVll®  control  (Table  2.1.2).  The  storage  modulus  of  the  final  downselected 
composition  was  equivalent  to  RTVll®.  The  storage  modulus  was  dramatically 
decreased  upon  inclusion  of  DMSC15  into  the  coating.  Tensile  moduli  data  on  other 
topcoats  can  be  found  in  Appendix  2.A. 


Table  2.1.2.  Tensile  moduli  for  oil  amended  foul  release  coatings 


DS 

Number 

Composition 

Storage  Modulus 
(MPa) 

Loss  Modulus 
(MPa) 

tan  5 

1 

RTVll 

1.44 

0.0182 

0.01 

5 

RTVll  +  10%DMSC15 

0.42 

0.0100 

0.01858 

8 

RTVll  +  10%SF1147 

1.47 

0.0086 

0.00592 

Coatins  System  Testins 

Many  tiecoat  systems  were  evaluated  during  the  course  of  the  program.  The  tiecoat 
development  was  initially  necessitated  because  of  application  failures  of  the  mist 
coahSilgan  J501  system.  A  mistcoat  elimination/Silgan  J501  system  was  developed  that 
performed  well  in  peel  adhesion  tests  and  was  subsequently  applied  to  a  boat  at  FIT. 
Approximately  midway  through  the  program,  Silgan  J501  became  commercially 
unavailable.  The  use  of  a  commercially  available  tiecoat  was  explored.  System  adhesion 
was  adequate  as  demonstrated  in  both  field  applications  and  laboratory  experiments; 
however,  the  tiecoat  inhibited  topcoat  cure.  We  therefore  developed  a  tiecoat  technology 
based  on  the  SEA210A/SCM501C  system  that  had  been  previously  developed  as  a  repair 
and  recoat  package. 

System  adhesion 

90°  peel  adhesion  samples  were  prepared  with  the  GE  SEA/SCM  tiecoat  and  the 
following  topcoats:  RTVll,  RTVll  +  10%  DMSC15,  or  RTVll  +  10%  SF1147.  These 
samples  were  tested  under  dry  and  wet  conditions.  Both  dry  and  wet  samples  failed 
cohesively  within  the  tiecoat  (dry;  RTVl  1-  666  ±  35  N/m,  RTVl  1  +  10%  DMSC15-  580 
+  64  N/m,  RTVll  +  10%  SF1147-  913  ±  55  N/m;  wet;  RTVll-  538  +  33  N/m,  RTVll  + 
10%  DMSC15-  400  +  34  N/m,  and  RTVll  +  10%  SF1147-  540  +  18  N/m).  This  data 
confirmed  that  the  SEA/SCM  tiecoat  could  be  used  with  all  three  topcoats.  Other  peel 
adhesion  evaluations  can  be  found  in  Appendix  2.B. 

Abrasion  resistance 

The  abrasion  resistance  of  coatings  comprised  of  RTVll®  and  10%  oil  were  evaluated 
using  a  modified  crockmeter  with  a  glass  stylus  for  1000  cycles.  The  abrasion  test  was 
used  to  observe  “durability”  of  the  coating  systems.  The  coating  containing  the  DMSC15 
oil  showed  the  most  damage  and  the  deepest  scratch  (Table  2.1.  3).  A  large  scratch 
through  the  tiecoat  was  easily  observed.  The  RTVll®  control  showed  little  damage  and 
a  few  35  pm  deep  scratches.  The  coating  containing  SF1147  oil  showed  no  measurable 
scratches.  A  coating  containing  RTVll®  +  SF1147  oil  was  immersed  in  water  for  4 


2-4 


months  and  followed  by  abrasion  testing.  No  deterioration  in  abrasion  resistance  was 
seen. 

Table.2.1.3.  Abrasion  damage  on  fouling  release  coatings. _ 


Coating  System  (DS#) 

Abrasion 

Damage 

Visual  Survey 

Epoxy/ 

SEA210A/SCM501C/ 
RTVll®  (1) 

Over  4  mm  scan 
with  1  scratch  of 

35  pm  by  0.1  mm 

Epoxy/ 

SEA210A/SCM501C/ 
RTV11®+10%  DMSC15  (5) 

Over  6  mm  scan 
entire  scratch 
>  55  pm 

- 

Epoxy/ 

SEA210A/SCM501C/ 
RTVll® +10%  SFl  147  (8) 

No  measurable 
change  in  depth 
over  6  mm  scan 

Epoxy/ 

SEA210A/SCM501C/ 
RTVll® +10%  SFl  147  (8) 
post  immersion 

No  measurable 
change  in  depth 
over  6  mm  scan 

:■  — 

_ _ 

A  total  of  86  panels  with  the  mist  coat/Silgan  J501  tiecoat  were  also  evaluated  for 
abrasion  resistance.  Results  are  provided  in  Appendix  2.C. 

Recoat  and  repair  package 

All  recoated  samples  tested  under  dry  conditions  gave  good  interfacial  adhesion 
regardless  of  prior  water  exposure  before  the  application  of  the  repair/recoat  package 
(Figure  2.1.1).  Recoated  samples  exposed  to  water  for  30  days  and  tested  while  still  wet, 
demonstrated  good  interfacial  adhesion  to  all  layers  with  the  exception  of  epoxy  which 
had  been  immersed  in  water  prior  to  overcoating.  The  adhesion  of  the  repair/recoat 
package  may  be  improved  by  roughening  of  the  epoxy  surface  in  addition  to  the  solvent 
cleaning. 
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Peel  strength  (MPa) 


Jj 


SECTION  2.1.2  CLEANABLITY  OF  FOUL-RELEASE  COATINGS 


Comprehensive  contact  angle  analyses  with  12  diagnostic  fluids  were  performed  on  the 
RTVll®  control,  RTVll®  +  DMSC15  and  RTVll®  +  SF1147  downselected panels  both 
pre  and  post  exposure  to  freshwater,  brackish  water,  and  seawater  over  periods  ranging 
from  9  month  to  nearly  4  years.  Composite  contact  angle  data  plots  were  similar  within 
each  panel  data  set  before  and  after  water  immersion.  Results  of  the  contact  angle 
experiments  demonstrated  surface  activity  of  the  oil-amended  coatings  both  before  and 
after  long-term  exposure. 

INTRODUCTION 

Foul  release  eoatings  must  have  effective  lifetimes  greater  than  5  years.  This  implies  that 
the  surface  characteristics  of  the  coating  should  not  degrade  over  time.  Comprehensive 
contact  angle  measurements  can  be  employed  as  a  diagnostic  tool  to  monitor  changes  in 
surface  properties  over  time.  Flere  we  report  results  of  contact  angle  measurements  on 
pre  and  post  water  immersion  for  RTVl  1®,  RTVl  1®  +  DMSC15  and  RTVl  1®  +  SFl  147. 
Pre  exposure  contact  angles  of  all  evaluated  coatings  are  provided  in  Appendix  2.D. 

EXPERIMENTAL 

Contact  angle  measurements  were  performed  according  to  literature  methods’.  The 
diagnostic  liquids  employed  in  the  contact  angle  measurements  are  given  in  Table 
2.I.2.I. 

Table  2. 1.2.1.  Diagnostic  liquids  employed  in  comprehensive  contact  angle  analyses. 


Liquid 

(Surface  Tension  in  mN/m) 

water 

72.4 

glycerol 

64.8 

formamide 

58.9 

thiodiglycol 

53.5 

methylene  iodide 

49.0 

1  -bromonaphthalene 

45.0 

1  -methylnaphthalene 

39.3 

dicyclohexyl 

32.7 

n-hexadecane 

27.6 

n-tridecane 

26.0 

n-decane 

23.8 

n-octane 

21.6 

The  "advanced"  angle  technique  was  utilized  throughout  the  study,  whereby  the  contact 
angles  were  measured  on  each  side  of  the  profile  of  the  applied  sessile  droplet,  and  again 
after  a  second  droplet  of  the  same  liquid  was  placed  on  top  of  the  first,  thus  advancing  the 
leading  edge  of  the  droplet  over  the  surface.  All  droplets  were  applied  with  a  freshly 
flamed  platinum  wire;  the  wire  was  freshly  flamed  each  time  another  droplet  was 
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retrieved  from  the  liquids'  containers.  These  measures  were  key  in  the  minimization  of 
degradation  of  the  liquids. 

Each  liquid  was  placed  on  a  different  spot  of  the  sample  surface  and  measurements  of  the 
contact  angles  of  each  droplet  were  made  within  one  minute  of  applying  the  droplet.  The 
results  presented  here  are  in  the  form  of  "Zisman  plots"  where  the  cosine  of  the  average 
contact  angle  for  each  diagnostic  fluid  is  plotted  against  the  liquid/vapor  surface  tension, 
of  that  fluid  (i.e.  prior  to  placement  on  the  sample  surface).  Although  estimates  of 

the  coating  "critical  surface  tension"  ,  components  of  surface  free  energy  (e.g.  polar  and 

3  4 

dispersion  forces  ;  and  acid  and  base  polar  components  can  be  made  from  these 
measurements,  the  nonequilibrium  natures  of  several  of  the  fluids  on  these  samples 
strongly  warns  against  placing  much  emphasis  on  critical  surface  tensions  and  surface 
energies. 

Observations  of  droplet  stability  (or  lack  of  stability)  on  the  sample  surface  were 
recorded  for  each  fluid.  Unstable  conditions  due  to  surface  activity  were  noted  by  droplet 
"creep"  (decrease  in  contact  angle  one  minute  or  less  after  application),  or  by  droplet 
"kickback"  on  the  platinum  wire  when  the  2^^  droplet  was  brought  into  contact  with  the 
droplet  of  fluid  already  on  the  surfaee.  Observations  of  swelling  were  made  based  on  a 
large  increase  in  apparent  eontaet  angle  when  the  2"^  droplet  was  placed  on  top  of  the 
first  droplet  and  visible  signs  of  eoating  swelling  when  the  fluid  was  wicked  from  the 
surface. 

Pre-exposure  panels  were  reeeived  from  GE,  and  post-immersion  panels  were  received 
from  Hawaii,  Florida,  and  Massaehusetts.  A  deseription  of  the  immersion  sites  can  be 
found  in  Task  1.  Onee  reeeived  in  the  laboratory  in  Buffalo,  fouling-free  areas  of  the 
coated  panels  were  identified  by  visible  inspeetion.  These  areas  were  cleaned  a  second 
time,  using  a  water-wet  eleanroom  wipe  and  moderate  hand  pressure,  which  removed 
loose  dust  or  debris  that  may  have  fallen  on  the  panel  during  storage  or  shipping,  as  well 
as  most  microscopic  organisms  and  biological  films.  Any  excess  water  remaining  on  the 
cleaned  areas  was  soaked  off  the  panel  with  a  fresh  eleanroom  wipe.  Comprehensive 
contact  angle  analyses  were  not  performed  until  at  least  one  hour  after  the  wiping 
procedure.  Coated  panels  were  stored  under  ambient  laboratory  conditions  throughout 
the  study. 

RESULTS 

The  contact  angle  data  are  presented  from  two  points  of  view:  first,  as  measured 
"apparent"  contact  angles,  regardless  of  any  observed  instabilities  and,  second,  in  terms 
of  observations  of  nonequilibrium  behavior  of  the  carefully  selected  fluids  on  the 
coatings. 

Using  the  apparent  contact  angle,  composite  contact  angle  data  plots  are  shown  in  Figures 
2. 1.2. 1-3.  On  average,  the  post-exposure  RTVll®  standard  coatings,  cleaned  of  fouling, 
gave  contact  angles  similar  to  those  on  the  pre-exposure  coating  (Figure  2. 1.2.1). 
Average  water  and  glycerol  contact  angles  on  RTVl  l®-coated  panels  from  the  New  York 
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and  Hawaii  sites  were  lower  than  on  other  panels  characterized  in  the  RTVll®  sample 
set. 


RTV1 1  Set-  pre  and  post-exposure  [all  test  sites] 
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Figure  2. 1.2.1.  Average  pre-  and  post-exposure  contact  angle  data  for  the  RTVl  1® 
standard  coating.  The  symbol  key  indicates  pre-exposure  data  and  field  site  immersion 
duration  (e.g.  FL1300  =  Florida  site,  1300  days).  The  MA*  site  had  more  consistent  and 
higher  salinities  than  the  MA  site. 

Effects  of  the  "hydrophilie"  DMSC15  oil  in  the  RTVll®  +  DMSC15  sample  set  (Figure 
2. 1.2. 2)  are  elear.  The  more  polar  diagnostie  fluids  (water,  glycerol,  formamide, 
thiodiglyeol)  had  signifieantly  lower  eontaet  angles  on  DMSClS-containing  coatings 
than  on  coatings  without  this  particular  oil  (Figures  2. 1.2.1,  and  2. 1.2. 3).  For  the 
RTVll®  set,  however,  the  average  observed  eontaet  angles  on  cleaned,  post-exposure 
RTVll®  +  DMSC15  eoatings  were  very  similar  to  contact  angles  of  droplets  on  the 
DMSClS-containing  coating  prior  to  immersion. 


RTV1 1  +  DMSC15  set  -  pre  and  post-exposure  [all  test  sites] 


Figure  2. 1.2.2.  Average  pre-  and  post-exposure  contact  angle  data  for  the  RTVl  1® 
coating  amended  with  10  wt%  DMSC15  oil 
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In  Figure  2. 1.2.3  (RTVl  1®  with  SFl  147  oil),  the  only  significant  departures  from  the  pre¬ 
exposure  coating  and  most  of  the  post-exposure  coatings  occurred  with  several  fluids  on 
panels  from  the  higher  salinity  Massachusetts  site.  Most  of  the  contact  angles  measured 
on  the  RTVll  +  SFl  147  set  were  similar  to  results  obtained  for  the  RTVll®  standard 
samples  (compare  Figure  2. 1.2. 3  with  Figure  2. 1.2.1). 


RTV1 1  +  SF1 147  Set  -  pre  and  post-exposure  [all  test  sites] 
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Figure  2. 1.2.3.  Average  pre-  and  post-exposure  contact  angle  data  for  the  RTVll® 
coating  amended  with  10  wt%  SFl  147  oil. 

Surface  activity,  indicated  by  droplet  creep  and/or  droplet  "kickback",  of  pre-  and  post¬ 
exposure  DMSClS-amended  RTVll®  coatings  was  revealed  by  polar- force-dominated 
fluids  (water,  glycerol,  formamide,  thiodiglycol),  as  well  as  by  bromonaphthalene, 
methylnaphthalene,  and  dicyclohexyl  (Figure  2. 1.2.2).  However,  the  post-exposure 
RTVir  +  DMSC15  coatings,  also  demonstrated  surface  activity  in  contact  with  two  of 
the  lower  surface  tension  fluids,  n-hexadecane  and  n-tridecane. 

The  surface-active  responses  of  RTVll®  standard  and  RTVll®  with  SFl  147  oil  were 
very  similar  (Table  2. 1.2.2).  Pre-exposure  coatings  of  both  types  caused  droplet  creep 
and/or  kickback  when  in  contact  with  bromonaphthalene  and  methylnaphthalene.  The 
pre-exposure  RTVll  +  SFl  147  coating  also  caused  instability  of  thiodiglycol.  After 
long-term  exposure,  both  coatings  elicited  interfacial  instability  of  glycerol,  thiodiglycol, 
dicyclohexyl,  and  n-hexadecane,  as  well  as  the  two  naphthalenes. 

Table  2. 1.2.2.  Lowest  liquid/vapor  surface  tension  (mN/m)  of  diagnostic  fluid  displaced 
by  droplet  already  on  coating  ("kickback"). 


Sample  Set 

Pre-Exposure 

Coating 

Post-Exposure 

Coating* 

RTVll®  standard 

39.3 

27.6 
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RTVll® +  DMSC 15  oil 

32.7 

26.0 

RTVll® +  SF1 147  oil 

39.3 

27.6 

*  for  post-exposure  sets,  droplet  kickback  was  observed  on  test  panels  from  at  least  three 
of  the  five  field  sites. 


Similarities  in  the  apparent  contact  angles,  without  consideration  of  any  observed 
instabilities  on  the  pre-  and  post-  water  exposure  panels  indicated  that  the  surface 
properties  were  largely  unchanged.  Small  increases  in  surface  activity  were  observed 
after  water  exposure  of  the  coatings.  The  RTVll®  and  RTVll®  +  SF1147  had  similar 
surface  chemistries,  whereas  the  response  of  the  RTVll®  +  DMSC15  panel  set  was 
unique. 
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SECTION  2.2  FIELD  DEMONSTRATIONS 


Field  test  were  performed  to  evaluate  coatings  under  real  world  conditions.  Coatings 
were  applied  to  bilge  keel  panels,  flow  channel  panels,  four  small  craft  hulls  and  two 
submarines.  Bilge  keel  and  flow  channel  panels  performed  well  with  good  fouling 
release.  Some  of  the  panels  and  submarine  patches  experienced  delamination  of  the 
coating  when  Silgan  J501  was  used  as  the  tiecoat.  This  was  addressed  by  replacing  the 
Silgan  J501  with  the  SEA210A/SCM501C  system  for  the  final  applications.  RTVll®  with 
10%  SF1147  topcoat  was  applied  to  two  small  research  vessels;  in  one  case  over  a 
commercial  tiecoat  and  in  the  other  case  over  the  final  downselected  tiecoat, 
SEA210A/SCM501C. 


Panel  testing  of  the  fouling  release  formulations  using  the  through  hull  drag  and  fouling 
release  meter  revealed  relationships  between  the  Navy  fouling  rating  and  drag,  as  well  as 
drag  with  coating  condition.  The  panel  drag  increased  with  an  increasing  Navy  fouling 
rating.  The  panel  drag  was  also  affected  by  the  coating  condition.  RTVll®  +  lOVo 
SF1147  panels  in  side-by-side  tests  with  the  commercial  panels  were  shown  to  perform 
better  based  on  fouling-release. 


A  22  foot  T-Craft  power  boat  was  coated  with  the  RTVll®  +  10%)  DMSC15  fouling 
release  formidation  in  June  of  1998,  and  has  since  been  monitored  for  biofouling, 
hydrodynamic  self  cleaning  and  powering  efficiency.  It  was  found  that  during  periods  of 
low  usage,  the  hidl  became  fouled  by  both  hard  and  soft  organisms.  The  initial  power 
trials  demonstrated  that  a  high  percentage  of  the  fouling  was  removed  at  high  speed  (24 
knots)  and  that  drag  penalties  were  negligible..  After  three  years,  the  RTVll®  + 
DMSC15  topcoat  showed  a  decrease  in  the  fouling  release  properties  which  was 
reflected  by  a  reduction  in  performance  as  measured  by  subsequent  power  trials.  The 
coating  was  still  in  good  condition  with  no  blistering,  delamination  or  peeling.  The  boat 
was  recoated  in  Augus  tof  2000  with  the  final  downselected  system  SEA210A/SCM501C 
tiecoat  with  RTVl  +  SF1147  topcoat. 


INTRODUCTION 


A  variety  of  field  demonstrations  and  validation  tests  were  undertaken  during  this 
program.  The  performanee  of  the  foul-release  coatings  was  evaluated  on  the  bilge  keels 
of  operational  naval  vessels.  The  fouling  release  capability  was  also  measured  in  the 
Naval  Research  Laboratory’s  flow  channel  at  Key  West,  Florida.  The  hydrodynamic 
cleanability  of  these  coatings  was  evaluated  using  a  though  hull  drag  and  fouling  release 
meter.  Test  coatings  were  also  applied  as  patches  on  Trident  submarines  and  on  small 
research  vessels.  These  applications  were  an  opportunity  to  explore  the  scalability  and 
ease  of  application  of  the  coating  system,  as  well  as  assess  the  fouling  release  capability 
of  the  topcoat. 
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EXPERIMENTAL 


Panel  Preparation 
Duplex  system 

Airless  spray  equipment  was  used  for  all  applications.  The  surface  of  test  panels  was  grit 
blasted  to  near  white  metal.  An  anticorrosive  layer  of  Amerlock  400  was  applied  (5-7 
mil  wet  film  thickness  (wft))  to  both  sides  of  the  panels  (Table  2.2.1).  The  next  day,  the 
mistcoat  was  formulated  and  applied.  The  mistcoat  was  prepared  by  mixing  the  Epon 
and  the  Versamid  and  allowing  the  mixture  to  react  for  15-20  minutes.  Butanol  was 
added  and  the  mixture  stirred  occasionally  until  the  emulsion  became  clear(about  45-60 
minutes).  The  mistcoat  was  applied  at  about  2-3  mils  wft.  This  layer  was  allowed  to 
cure  until  the  mistcoat  became  tacky  (approximately  30-60  minutes).  The  Silgan  J501 
tiecoat  was  applied  (10-12  mil  wft).  The  Silgan  J501  was  allowed  to  cure  until  it  was 
tack- free  (15-60  minutes)  after  which  the  topcoat  was  mixed  and  applied. 


Table  2.2.1  Examples  of  the  formulations  for  the  duplex,  mistcoat  elimination,  and  final 
downselected  coating  systems. _ _ _ 


System  Layer 

Duplex  Coating  System 

Mistcoat  Elimination 
System 

Final  Downselected 
System 

Anticorrosive 

19  1  Amerlock  400  + 

0.5  1  lacquer  thinner 

1 9  1  Amerlock  400  + 

0.5  1  lacquer  thinner 

1 9  1  Amerlock  400  + 

0.5  1  lacquer  thinner 

Mistcoat  or 
Mistcoat  Elim 

1.9  1  Henkel  Versamid  + 

1.9  1  Shell  Epon  828  + 

3.8  1  butanol 

15.1  1  Amerlock  400  + 

1.9  IGE  SCM501C 

Tiecoat 

19  1  Wacker  Silgan  J501  + 
3.8  1  GE  SF69 

19  1  Wacker  Silgan  J501  + 
3.8  I  GE  SF69 

12.8  IGE  SEA210A  + 

4.5  1R7  K27  Thinner  K27 
+  3.61  VM&P  Naphtha  + 

0.68  IGE  SCM501C 

Topcoat 

191GERTV11®  +  1.91  oil 
+  3  1  VM&P  Naphtha  +  60 
ml  DBTDL 

19  IGE  RTVll -  +  1.91  oil 
+  3  1  VM&P  Naphtha +60 
ml  DBTDL 

19  IGE  RTVll  -  + 

1.9  1  SF1147  +  3  1  VM&P 
Naphtha +60  ml  DBTDL 

Mistcoat  elimination  /Silgan  J501 

The  surface  of  the  metal  was  prepared  and  Amerlock  epoxy  applied  as  described  above 
for  the  mistcoat  system  (Table  2.2.1).  Next  the  mistcoat  elimination  layer  was  mixed 
which  consisted  of  Amerlock  400  or  400FD  epoxy  and  20%  GE  SCM501C.  This  layer 
was  applied  at  12-14  mils  wft.  The  Silgan  J501  and  the  topcoat  were  applied  as 
described  above. 

SEA210A/SCM501C  tiecoat,  and  repair  and  recoat 

The  preparation  of  panels  with  the  final  downselected  system  involved  surface 
preparation  and  Amerlock  epoxy  application  as  described  in  the  mistcoat  application 
above  (Table  2.2.1).  The  tiecoat,  comprised  of  SEA210/SCM501C  and  thinner,  was 
applied  directly  to  the  epoxy.  The  topcoat  could  be  applied  as  soon  as  the  tiecoat  was 
tack-free  or  any  time  up  to  48  hours  thereafter. 

Topcoat  bases 

Topcoats  comprised  either  RTVll®  or  a  silica-filled  base  amended  with  oils  and 
catalyzed  with  dibutyltindiluarate.  Silica-filled  masterbatches  were  prepared  according  to 
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literature  methods  (U.S.  Patent  5,906,893).  To  40  g  of  the  resultant  masterbatch  was 
added  53  g  of  silanol  terminated  polydimethylsiloxane  (MW  =  40,000,  1.3  millimoles),  6 
g  propylsilicate  (0.23  moles)  and  1  g  of  silanol  terminated  polydimethylsiloxane  (MW  = 
500,  2  millimoles).  To  100  g  of  the  above  mixture  was  added  10  g  of  the  appropriate  oil. 
The  oil-amended  coating  was  catalyzed  with  0.9  g  dibutyltindilaurate  (1.3  millimoles). 
The  topcoat  was  applied  at  a  wet  film  thickness  of  the  0.25-0.30  mm  (10-12  mil).  After  7 
days  of  cure  time,  the  panels  were  submitted  to  sites  for  exposure. 

Navy  Foulins  and  Paint  Deterioration  Ratim 

Shipboard  test  coating  systems  were  evaluated  using  the  fouling  ratings  (FR)  and  paint 
deterioration  ratings  (PDR)  presented  in  the  Naval  Ships'  Technical  Manual  (NSTM), 
Chapter  081.  The  FRs  and  PDRs  are  separate  scales,  each  comprised  of  11  ratings;  0  to 
100.  A  rating  (FR  or  PDR)  of  zero  is  the  best  performance;  a  rating  (FR  or  PDR)  of  100 
is  indicative  of  the  worst  condition.  This  evaluation  method  consisted  of  a  narrative 
description  and  a  photograph  at  each  of  the  rating  levels.  The  original  FRs  and  PDRs 
were  modified  slightly  to  better  accommodate  silicone -based  foul  release  coating 
systems.  The  narrative  descriptions  of  both  scales  are  shown  in  Tables  2.2.2  and  2.2.3. 


Table  2.2.2.  Proposed  new  Fouling  Ratings  (FR)  descriptions. 


FR 

DESCRIPTIONS 

NO  FOULING  ON  SUBSTRATE 

0 

A  clean,  foul-free  surface 

SOFT  FOULING  ONLY  (3  levels) 

10 

Continuous  graduations  of  shades  of  green  (incipient  slime) 

20 

Slime  as  dark  green  patches  with  yellow  or  brown  colored  areas  (advanced  slime) 

30 

Grass  as  filaments  up  to  3  in.  (76  mm)  in  length,  projections  up  to  'A  in.  (6.4  mm)  in  height;  or  a  flat  network  of  filaments, 
green,  yellow,  or  brown  in  color 

HARD  FOULING  BUT  NOT  COMPLETE  COVERAGE  OF  SUBSTRATE  (3  levels) 

40 

Calcareous  fouling  on  edges,  welded  seams,  corners,  or  as  discrete  patches  covering  flat  areas  roughly  9  to  1 0  in.  (229  to 

254  mm)  in  diameter 

50 

Random  and  scattered  tubeworms  or  barnacles  (or  both)  on  slightly  curved  or  flat  surfaces 

60 

Area  distribution  of  tubeworms  or  barnacles,  'A  in.  (6.4  mm)  in  diameter  or  less;  fouling  does  not  completely  cover  or  blank 
out  surface 

SUBSTRATE  NOT  VISIBLE;  COMPLETE  COVERAGE  BY  HARD  FOULING  (4  levels) 

70 

Tubeworms  and  barnacles  completely  cover  surface  in  patches  exceeding  9  to  10  in.  (229  to  254  mm)  in  diameter. 

Tubeworms  lying  flat  with  radiating  fringes  of  growth  or  barnacles  'A  in.  (6.4  mm)  in  diameter  or  less 

80 

Tubeworms  closely  packed  together  and  growing  upright  away  from  surface.  Barnacles  growing  one  on  top  of  another. 
Calcareous  shells  appear  clean  or  white  in  color 

90 

Dense  growth  of  tubeworms  with  barnacles  'A  in.  (6.4  mm)  in  diameter  or  greater.  Calcareous  shells  brown  in  color  or  with 
slime  or  grass  overlay 

100 

All  forms  of  fouling  present,  particularly  soft  sedentary  animals  without  calcareous  covering  (tunicates) 
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Table  2.2.3.  New  and  old  Paint  Deterioration  Ratings  (PDRs). 


PDR 

New  Description 

Old  Description 

New 

Old 

NO  PHYSICAL  DAMAGE;  COATING  SYSTEM  INTACT 

0 

10 

No  physical  damage;  entire  coating  system  intact 

AF  paint  intact,  red  in  color  or  with  mottled  pattern  of  light 
green  or  red 

INTERCOAT  PHYSICAL  DAMAGE;  STEEL  SUBSTRATE  NOT  EXPOSED 

10 

20 

Less  than  1 0%  of  the  area  shows  physical  damage 
(abrasion,  delamination,  broken  blisters,  etc.)  to  topcoats 
exposing  intact  AC 

AF  paint  missing  from  edges,  corners,  seams,  welds,  rivet  or 
bolt  heads  to  expose  AC  paint 

■ 

30 

AF  paint  missing  from  slightly  curved  or  flat  areas  to  expose 
AC  paint 

20 

40 

From  10  to  50%  of  the  area  shows  physical  damage 
(abrasion,  delamination,  broken  blisters,  etc.)  to  topcoats 
exposing  intact  AC 

AF  paint  missing  from  intact  blisters  to  expose  AC  paint 

50 

AF  blisters  ruptured  to  expose  intact  AC  paint 

30 

60 

More  than  50%  of  the  area  shows  physical  damage 
(abrasion,  delamination,  broken  blisters,  etc.)  to  topcoats 
exposing  intact  AC 

AF/AC  paint  missing  or  peeling  to  expose  steel  substrate,  no 
corrosion  present 

PHYSICAL  DAMAGE  DOWN  TO  EXPOSED  STEEL  SUBSTRATE 

40 

70 

Less  than  1 0%  of  the  area  shows  physical  damage 
(abrasion,  broken  blisters,  etc.)  exposing  steel  substrate; 
corrosion  may  be  present 

AF/AC  paint  removed  from  edges,  corners,  seams,  welds, 
rivet  or  bolt  heads  to  expose  steel  substrate  with  corrosion 
present 

50 

80 

From  10%  to  50%  of  the  area  shows  physical  damage 
(abrasion,  broken  blisters,  etc.)  exposing  steel  substrate; 
corrosion  may  be  present 

Ruptured  AF/AC  blisters  on  slightly  curved  or  flat  surfaces 
with  corrosion  and  corrosion  stains  present 

60 

90 

Greater  than  50%  of  the  area  shows  physical  damage 
(abrasion,  broken  blisters,  etc.)  exposing  steel  substrate, 
corrosion  may  be  present 

Area  corrosion  of  steel  substrate  with  no  AF/AC  paint  cover 
because  of  peeling  or  abrasion  damage 

■ 

100 

Area  corrosion  showing  visible  surface  evidence  of  pitting, 
scaling,  and  roughening  of  steel  substrate 

Bilse  Keel  Evaluation 

The  preparation  of  all  panels  is  described  above.  A  total  of  4  test  panels  of  each 
composition  were  fastened  to  the  bilge  keel  of  a  Navy  ship:  2  on  the  port  side  and  2  on 
the  starboard  side.  Inspections  were  scheduled  yearly,  but  were  subject  to  ship 
availability. 

Flow  Channel  Evaluation 

Flow  channel  evaluation  was  performed  at  the  Navy  Research  Laboratory,  Key  West 
facility  (NRLKW).  Panels  were  exposed  in  Biscayne  Bay,  Florida  for  17  weeks 
(December  1998  to  April  1999)  in  the  horizontal  face  down  configuration.  After 
exposure,  the  panels  were  transported  to  NRLKW  in  fresh  seawater  collected  at  Biscayne 
Bay.  Following  arrival  at  the  facility,  the  tank  containing  the  panels  was  slowly  flushed 
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overnight  with  natural  seawater  from  Key  West  to  preserve  fouling  organisms.  The 
following  morning,  the  panels  were  installed  in  the  flow  channel  and  dynamic  testing 
initiated.  Dynamic  testing  was  performed  using  a  flow  of  37  km/hr  and  55.5  km/hr. 
Coatings  were  evaluated  for  the  removal  of  fouling. 

Throush  Hull  Dras  and  Foulins-Release  Meter 

An  instrument  was  developed  to  measure  the  drag  forces  due  to  roughness  and  fouling, 
and  the  fouling-release  on  a  standard  0.254  m  x  0.305  m  static  immersion  panel’.  The 
instrument  consisted  of  a  floating-element  drag  meter,  a  pitot  static  tube,  and  a  video 
camera  (Figures  2.2.1  and  2.2.2). 

The  test  panels  were  mounted  on  a  portal-type  floating-element  force  balance,  which  was 
built  into  the  instrument  box^  (Figures  2.2.1  and  2.2.2).  There  was  a  3  mm  gap  around 
the  test  panel.  The  force  gage  used  4  foil  strain  gages  connected  in  a  full  bridge  circuit 
that  created  a  linear  voltage  response  that  was  insensitive  to  moments.  A  pitot-static 
probe  extended  above  the  test  section  to  measure  the  dynamic  pressure  that  was  used  to 
determine  the  free  stream  flow  velocity,  using  Bernoulli’s  equation.  A  video  camera  was 
mounted  adjacent  to  the  test  section  to  record  the  condition  of  the  fouling  community  and 
real-time  fouling-release. 


Figure  2.2.1.  Through-hull  drag  and  fouling-release  meter 
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of  Foul  Release 

Figure  2.2.2.  Schematic  of  through-hull  drag  and  fouling-release  testing  system 

The  instrument  was  lowered  into  a  wet-well,  which  was  built  into  the  deck  of  a  6.5  m 
powerboat  (Figure  2.2.3).  The  front  of  the  well  was  3.2  m  from  the  bow.  The  test 
section  formed  an  integral  part  of  the  hull  with  minimal  disturbance  to  the  flow^.  The 
system  was  capable  of  operation  at  velocities  up  to  12  m/s.  The  force  gage  measured  the 
shear  force  due  to  the  flow  over  the  test  surface  at  different  velocities. 

Instrumentation  on  the  boat  included  a  datalogger  to  record  the  drag  forces  on  the  panels 
and  the  free  stream  velocity.  A  digital  video  recorder  provided  real-time  images  of 
fouling-release  with  the  force  and  velocity  data  overlaying  the  image.  The  instrument 
calibration  was  performed  according  to  literature  methods^. 


Figure  2.2.3.  Longitudinal  cross-section  of  powerboat  with  through-hull  test  system. 
Panel  evaluation  using  the  through  hull  drag  meter 

The  panels  were  exposed  to  fouling  at  the  Florida  Institute  of  Technology  Static 

Immersion  site  in  the  Indian  River  Lagoon.  The  panels  were  caged  to  exclude  fish  and 

other  organisms  that  have  been  shown  to  remove  fouling'^.  The  coatings  were  visually 

1 

inspected  for  fouling  and  physical  condition  in  accordance  with  ASTM  D3623  .  The 
fouling  on  the  panels  was  rated  using  the  U.S.  Navy  Ships’  Technical  Manual  Rating  for 
a  ship’s  hull,  which  is  used  to  determine  the  cleaning  cycle  of  a  copper-based  antifoulant 
(Table  2.2.2).  This  method  gave  a  fouling  rating  (FR)  based  on  a  description  of  the 
surface.  The  fouling-release  properties  were  quantified  by  measuring  the  shear  adhesion 
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strength  of  barnacles  to  the  panels  as  described  in  Task  1. 

The  drag  and  fouling-release  properties  of  each  panel  were  measured  using  the  through 
hull  meter  described  above.  Fouling  was  cleaned  from  one  side  of  the  panel  and  the 
panel  mounted  on  to  the  force  balance.  Care  was  taken  to  ensure  minimal  disturbance  of 
the  fouling  on  the  test  side,  and  that  the  panel  was  flush  with  the  instrument  surface.  The 
meter  was  then  placed  in  the  wet  well  and  the  instrumentation  zeroed  to  confirm  that  all 
of  the  devices  were  working  properly.  The  panel  was  tested  at  boat  speeds  of  2,  4,  6,  8, 
and  11  m/s  for  a  period  of  one  minute  at  each  velocity,  during  which  video,  water 
velocity  and  drag  were  recorded.  This  provided  data  on  fouling  release  and  drag 
penalties.  The  test  panel  was  run  again  at  increasing  velocities  up  to  11  m/s  to  observe 
changes  in  drag  due  to  the  loss  of  fouling  that  occurred  during  the  first  run.  Finally,  the 
panel  was  totally  cleaned  and  reevaluated  at  increasing  velocities  up  to  11  m/s.  This 
provided  data  to  compare  between  the  drag  forces  of  the  fouled  and  hydrodynamically 
cleaned  surfaces  to  the  mechanically  cleaned  surface.  The  drag  and  velocity  data  were 
superimposed  on  the  video  to  enable  monitoring  of  fouling-release  at  each  velocity.  The 
seawater  temperature  and  salinity  were  measured  to  determine  density  and  kinematic 
viscosity. 

It  is  important  to  note  that  testing  was  only  undertaken  under  weather  conditions  of  1  less 
than  0.1  m  chop  and  less  than  2.5  m/s  wind  velocity,  in  order  to  minimize  errors  in  flow 
around  the  hull. 

T-Cmft  Power  Trials 

A  T-Craft  vessel  stationed  at  FIT  was  painted  with  Amerlock  400,  mistcoat  or  mistcoat 
elimination  system,  Silgan  J501,  and  RTVll®  +  10%  DMSC15.  The  biofouling  and 
physieal  eondition  data  were  obtained  by  analyzing  underwater  videos  of  the  boat  hull. 
The  videos  were  taken  in  eombination  with  a  measuring  tape.  This  enabled  the  exact 
location  on  the  hull  to  be  known.  The  video  was  made  along  the  length  of  the  hull  for 
eaeh  of  the  four  chines  per  side  and  the  water  line.  Biofouling  and  physical  condition 
were  assessed  for  every  30.5  em  length  of  hull. 

Four  power  trails  were  run  to  evaluate  the  hydrodynamic  performance  of  the  coating  both 
with  respect  to  fouling-release  and  drag,  using  the  following  procedure: 

1.  Fill  fuel  tanks  to  full  capaeity. 

2.  Perform  underwater  video  inspection  of  the  hull. 

3.  Run  power  trials,  starting  at  about  2  knots.  Maintain  speed  for  2  minutes. 
Monitor  speed  and  rpm.  Inerease  speed  and  repeat  data  collection  up  to  speeds  of 
about  22  knots. 

4.  Run  the  boat  at  top  speed  (up  to  28  knots)  for  20  minutes  (self  cleaning). 

5.  Perform  underwater  video  inspection  of  the  hull. 

6.  Run  power  trials,  starting  at  about  2  knots.  Maintain  speed  for  2  minutes. 
Monitor  speed  and  rpm.  Increase  speed  and  repeat  data  collection  up  to  speeds  of 
about  22  knots. 

7.  Perform  underwater  video  inspection  of  hull. 

8.  Take  underwater  hard  fouling  adhesion  measurements. 

9.  Perform  in- water  cleaning  of  hull  using  a  soft  cloth. 
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10.  Run  power  trials,  starting  at  about  2  knots.  Maintain  speed  for  2  minutes. 
Monitor  speed  and  rpm.  Increase  speed  and  repeat  data  collection  up  to  speeds  of 
about  26  knots. 

1 1 .  Analyze  the  boat  power  data  to  estimate  performance. 

RESULTS 

Validation  Applications 

Coatings  were  applied  to  4  small  test  patches  on  Trident  submarines  and  3  small  boats 
(Table  2.2.4).  The  recoat  and  repair  package  was  also  applied  to  the  FIT  boat.  Complete 
trip  reports  are  included  in  Appendix  2E. 


Table  2.2.4.  Field  applications  of  the  GE  fouling  release  coatings.  Yellow  highlights 
indicate  the  downselected  coating  system. _ _ _ _ 


Application 

Topcoat 

Tiecoat 

Date 

Area 

(m^) 

Results 

Trident  Submarine 
Patches  (3) 

USS  Nevada 

RTV11®+  10%DMSC15 
RTV11®+  10%SF1154 
RTV11®+  10%DBE224 

J501  w/ 
mistcoat 

Aug  97 

9.29 

100%  de lamination 

Trident  Submarine 
Patch 

USS  Nevada 

RTV11®+  10%DMSC15 

J501  w/ 
mistcoat 

Aug  99 

9.29 

65%  delamination 

FIT  boat  #  1 

RTV11®+  10%DMSC15 

J501  w/ 
mistcoat  and 
mistcoat  elim 

June  98 

9.29 

Success  3  yrs 

FIT  boat  #  2 

RTV11®+  10%SF1147 

Commercial 

tiecoat 

Jan  00 

8.36 

Success  1 V2  yrs 
(still  in  service) 

FIT  boat  #  3 

RTV11®+  10%SF1147 

GE  SEA210A/ 
SCM501C 

July  00 

13.93 

Success  1  yr 
(still  in  service) 

FIT  Boat  #  1 
(recoat) 

RTV11®+  10%SF1147 

GE  SEA210A/ 
SCM501C 

July  01 

13.93 

Success 

Bilse  Keel  Panels 

Panels  were  deployed  along  the  bilge  keel  of  three  active  Navy  vessels  (Table  2.2.5). 
The  results  of  this  evaluation  showed  good  fouling  rating  and  paint  deterioration  rating 
for  all  coatings. 


Table  2.2.5.  Deployment  and  results  of  bilge  keel  panels.  Yellow  highlights  indicated 
final  coating  composition.  _ _ _ 


Application 

Topcoat 

Tiecoat 

Deployed 

Results 

2-19 


Bilge  Keel 

RTV11®+  10% 
DMSC15 

J501  w/ 
mistcoat 

USS  John  Paul  Jones-  May  99 
USS  Thomas  Gate  -  July  01 

FR-40  PDR-0 
FR-  10  PDR-0 

Commercial 

USS  Thomas  Gate  -  July  01 

RTV11®+  10% 
SF1154 

J501  w/ 
mistcoat 

USS  Paul  Foster  -  Feb  01 

FR-  10  PDR-0 

Commercial 

USS  Thomas  Gate  -  July  01 

RTV11®+  10% 
SF1147 

J501  w/ 
mistcoat 

USS  Paul  Foster  -  Feb  01 

FR  -  10  PDR-20 
delamination 

Commercial 

USS  Paul  Foster  -  Feb  01 

FR  -  10  PDR-0 

GESEA210A/ 

SCM501C 

USS  Thomas  Gate  -July  01 

Flow  Channel  Evaluation 

Panels  in  the  flow  channel  at  NRL  performed  well  after  one  fouling  cycle.  Both  of  the 
coatings  released  greater  than  90%  of  the  fouling  (Table  2.2.6).  One  coating  showed 
delamination  this  has  been  addressed  by  the  use  of  an  alternative  tiecoat. 


able  2.2.6.  Panels  tested  at  the  NRL  Key  West  flow  channel. 


Application 

Topcoat 

Tiecoat 

Deployed 

Results 

Flow  Channel 

RTV11®-H 

10%DMSC15 

J501  w/ 
mistcoat 

Nov  98  inspected  May-99 

99%  fouling  release 
@  20  kts 

99%)  fouling  release 
@  30  kts 

RTV11®  + 

10%  SF 1147 

J501  w/ 
mistcoat 

Nov  98  inspected  May-99 

90%  fouling  release 
@  20  kts 

30%  delamination 

90%  fouling  release 
@  30  kts 

40%)  delamination 

Throush  Hull  Dras  and  Foulins-Release  Meter 

Results  are  presented  for  3  GE  and  1  commercial  prototype  silicone  fouling-release 
formulations  (Table  2.2.7).  Where  replicate  panels  were  available,  the  coatings  were 
tested  at  different  time  intervals  of  static  immersion. 

Table  2.2.7.  Test  panel  identification 


Tiecoat 

Formulation 

Days  Exposure 

Mistcoat/Silgan  J501 

RTV1E“ 

686 

Mistcoat/Silgan  J501 

RTV1E“ 

'  -t  10%  DMSC15 

603 

Commercial  tiecoat 

RTVll* 

+  10%  SFl  147 

45,  65,  135,  225,  322,  and  603 
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Complete  commercial 
system _ 


45,  65,  135,  and  225 


The  fouling  communities  typically  consisted  of  barnacles,  tubeworms,  bryozoans, 
sponges,  silt  and  slime.  There  was  considerable  variation  in  the  fouling  cover  among 
coatings  (Navy  fouling  rating  ranged  from  40  to  100).  The  biological  communities  were 
influenced  by  exposure  time  and  seasonal  differences  in  the  natural  populations. 

The  drag  forces  generated  by  the  fouled,  hydrodynamically  cleaned,  and  cleaned 
conditions  for  two  of  the  panels  exposed  for  45  days  are  shown  in  Figures  2.2.4  and 
2.2.5.  Selected  images  showing  the  fouling  on  the  panels  before  hydrodynamic  testing 
and  after  running  at  4,  8  and  1 1  m/s,  are  shown  in  Figure  2.2.6.  All  soft  fouling  became 
detached  from  the  panels  after  6  m/s  and  barnacles,  tubeworms,  and  encrusting  bryozoans 
were  shown  to  release  throughout  testing.  However,  after  11  m/s,  some  tubeworms  and 
an  area  of  encrusting  bryozoans  remained  on  the  commercial  sample.  The  starting  FR  for 
RTvii®  +  SF1147  and  the  commercial  coating  were  50  and  75  respectively.  After 
running  at  11  m/s  these  were  reduced  to  35  for  RTVll®  +  SF1147  and  45  for  the 
commercial  system.  The  drag  forces  directly  reflected  the  fouling  communities  present 
on  the  surfaces,  and  it  was  clearly  seen  that  increases  in  drag  due  to  fouling  were  greater 
for  the  commercial  coating. 


0  2  4  6  8  10  12 

Velocity  (m/s) 

Figure  2.2.4.  Skin  friction  drag  curves  of  a  fouling-release  surface  RTVl  1  +  SFl  147  (45 
days). 


2-21 


•  Fouled 
““After  1 1  m/s 
“Clean 


Velocity  (m/s) 


Figure  2.2.5.  Skin  friction  drag  curves  of  a  fouling-release  surface  commercial  coating 
(45  days). 


RTVl  1  +  SFl  147  (45  days)  V  =  4  m/s,  FR  =  45 


RTVl  1  +  SFl  147  (45  days)  V  =  1 1  m/s,  FR  =  35 


2-22 


Commercial  (45  days)  V  =  4  m/s,  FR  =  50 


Commeieial  (45  da\  nI  \  S  m  I  li  'O 


Commercial  (45  days)  V  =  1 1  m/s,  FR  =  45 


Figure  2.2.6.  Video  frame  grab  of  testing  RTVl  1  +  SFl  147  (45  days)  and  commercial 
coating  (45  days). 
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RTV1 1  (686) 
Commercial  (65) 
Commercial  (225) 
RTV11+SF1147  (603) 
Commercial  (135) 
I  RTV11+DMSC15  (603) 
a.  RTV11+SF1147  (135) 
Commercial  (45) 
RTV11+SF1147  (45) 
RTV11+SF1147  (225) 
RTV11+SF1147  (322) 
RTV11+SF1147  (65) 


Skin  Friction  Drag  (N) 

Figure  2.2.7.  The  skin  friction  drag  penalty  taken  at  7  m/s  (days  of  exposure  for  each 
formulation  is  found  in  parentheses) 

The  drag  penalty  of  each  panel  in  its  non-fouled,  fouled,  and  hydrodynamically  cleaned 
condition  was  analyzed  for  the  7  m/s  velocity  (Figure  2.2.7).  There  were  significant 
differences  in  the  drag  penalty  among  the  surfaces  in  the  non-fouled  state.  This  was  due 
to  surface  roughness  and  minor  damage  to  the  coating  that  had  occurred  during  the  static 
immersion  exposure  period.  The  mean  skin  friction  drag  for  the  non-fouled  panels  at  this 
velocity  was  8.5  +1.8  N. 

The  panel  drag  in  the  fouled  condition  was  extremely  variable  and  reflected  the  fouling 
communities  that  became  established  on  the  surfaces.  The  highest  drag  was  recorded  on 
RTvii®  (5g5  days).  It  also  had  a  very  high  Navy  fouling  rating  (FR  60).  The  drag 
measured  after  the  fouled  panels  had  been  run  at  11  m/s  represented  the  ability  for  that 
coating  to  hydrodynamically  self  clean.  The  best  performing  coatings  would  ideally  have 
a  drag  value  close  to  that  of  the  clean  condition.  This  was  found  to  be  the  case  for  the 
RTvi  1®  +  SFl  147coating  after  65  days,  225  days  and  322  days  exposure. 

The  relationship  between  fouling  and  drag  was  investigated  by  comparing  the  percent 
increase  in  drag  due  to  fouling  with  the  U.S.  Navy  fouling  rating  (Figure  2.2.8).  This  was 
done  for  the  drag  data  at  llm/s.  The  percent  increase  in  drag  was  calculated  as  the 
difference  between  the  hydrodynamically  cleaned  condition  and  the  clean  condition  at 
llm/s.  A  second  order  polynomial  curve  fit  showed  that  there  was  a  significant 
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2 

correlation  between  drag  and  FR  (R  =  0.65). 


Figure  2.2.8.  Percent  change  in  skin  friction  drag  at  1  Im/s  with  respect  to  the  clean  panel 
condition. 

A  subset  of  the  panels  (RTVll®  +  10%  SF1147  and  the  commercial  fouling-release 
silicone)  were  exposed  at  the  static  immersion  site  at  the  same  time  and  tested  at  set 
intervals  to  examine  the  effect  of  time  on  fouling  performance.  The  fouling  on  each 
panel  was  left  undisturbed  and  the  change  in  fouling  with  time  is  shown  in  Figure  2.2.9. 
The  fouling  on  the  commercial  panels  increased  more  than  the  GE  panels  and  this  is 
reflected  in  the  percent  increase  in  drag  that  was  measured  at  11  m/s  after  hydrodynamic 
cleaning  (Figure  2.2.10).  It  was  apparent  that  there  was  a  fairly  close  relationship 
between  the  fouling,  fouling  release  and  skin  friction  performance  of  the  coatings. 
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Days  Exposed 

Figure  2.2.9.  Navy  Fouling  Rating  with  respect  to  time  of  static  immersion. 


Figure  2.2.10.  Percent  increase  in  drag  at  1  Im/s  with  respect  to  time  of  static  immersion. 

It  is  difficult  to  run  direct  comparisons  of  coating  performance  due  to  the  influence  of  the 
initial  fouling  communities  on  each  panel.  Flowever,  in  the  side-by-side  comparison  of 
RTvii®  +  10%  SF1147  with  the  commercial  coating  for  the  same  respective  exposure, 
the  RTV 1 1®  10%  SFl  147  exhibited  better  self-cleaning  performance. 
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T-Craft  Power  Trials 

Four  power  trials  were  run  during  the  test  period,  which  ran  from  June  1998  to  December 
2000.  These  were  as  follows: 

23  June  1998,  clean  hull  baseline  power  data. 

17  July  1998,  fouled  hull  and  hydrodynamically  self  cleaned  hull  power  data. 

30  October  1998,  fouled  hull  and  hydrodynamically  self  cleaned  hull  power  data. 

16  February  2000,  fouled  hull  and  hydrodynamically  self  cleaned  hull  power  data. 

Complete  reports  from  the  powering  trials  can  be  found  in  Appendix  2F.  The  boat 
powering  data  are  presented  as  propeller  revolutions  per  minute  (rpm)  versus  boat  speed 
(knots)  (Figures  2.2.11  to  2.2.13).  The  data  obtained  for  the  23  June  clean  hull  run  was 
used  as  the  baseline  from  which  the  performance  of  the  hull  in  the  fouled  and 
hydrodynamically  self  cleaned  conditions  were  compared.  The  rpm  vs.  boat  speed  curves 
were  fitted  with  third  order  polynomials.  Using  the  curve  fit  equations,  the  performance 
data  were  plotted  as  percentage  change  in  rpm  from  the  clean  hull  condition  (Figure 
2.2.14).  Because  the  boat  is  a  planing  hull,  there  was  not  an  exact  match  of  rpm  and  boat 
speed,  however,  the  data  clearly  show  differences  in  performance  due  to  biofouling.  The 
July  1998  power  trial  results  showed  that  the  fouling  caused  in  an  increase  in  drag 
(Figure  2.2.1 1).  After  running  the  boat  at  28  knots  for  10  minutes,  however,  most  of  the 
fouling  had  been  removed  and  the  power  required  for  propulsion  returned  close  to  that  of 
the  clean  boat.  The  power  trial  run  on  October  30  showed  an  increase  in  drag  caused  by 
fouling  (Figure  2.2.12).  After  running  the  boat  at  28  knots  for  10  minutes  some  of  the 
fouling  had  been  removed  by  hydrodynamie  forees.  The  power  required  for  propulsion 
did  not,  however,  return  to  that  of  the  elean  boat  and  a  small  penalty  due  to  biofouling 
remained.  For  the  final  power  trial  run  February  2000  the  fouling  resulted  in  a  higher 
drag  penalty  than  was  seen  in  either  of  the  July  or  October  trials  (Figure  2.2.13).  The 
fouling  also  appeared  more  tenaeious  whieh  resulted  in  only  a  small  decrease  in  drag 
after  the  boat  was  run  at  28  knots  for  10  minutes. 

This  system  demonstrated  excellent  performanee  eharacteristics  during  the  first  year  of 
operation.  The  majority  of  the  fouling  eommunities  were  removed  by  the  hydrodynamic 
forces  generated  when  operating  the  boat  at  high  speed.  Any  subsequent  cleaning  was 
easily  performed  with  a  light  wipe  of  a  towel.  The  fouling-release  properties  of  this 
coating  diminished  with  time  (Figure  2.2.15).  It  is  speculated  that  the  DMSC  15  oil  was 
lost  from  the  coating  at  a  faster  rate  on  the  boat  hull  than  the  static  immersion  panels.  The 
coating  also  demonstrated  variation  in  fouling-release  performance  among  the  different 
hard  fouling  types,  which  made  it  less  suitable  for  release  of  tubeworms  and  oysters. 


2-27 


E 

a 

_a> 

"o) 

a 

o 


a> 

Ui 

c 

re 

£ 

o 

c 

a> 

o 

L_ 

0) 

Q. 


-4.00  J - 

Boat  Speed  (knots) 


Figure  2.2.1 1.  Percent  change  in  propeller  rpm  to  achieve  boat  speeds  for  the  fouled  and 
self  cleaned  hull  condition,  17  July  1998 
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Figure  2.2.12.  Percent  change  in  propeller  rpm  to  achieve  boat  speeds  for  the  fouled  and 
self  cleaned  hull  condition,  30  October  1998 
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Figure  2.2.13.  Percent  change  in  propeller  rpm  to  achieve  boat  speeds  for  the  fouled  and 
self  cleaned  hull  condition,  16  February  2000 
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Figure  2.2.14.  Percentage  increase  in  propeller  rpm  at  20  knots  due  to  biofouling  of  the 
hull  of  the  T-Craft  during  the  test  period. 

The  overall  physical  condition  of  the  coating  was  excellent,  with  no  signs  of  blistering  or 
delamination.  There  was  been  some  mechanical  damage  to  the  bow  area  of  the  coating 
due  to  launching  and  retrieval  of  the  boat  onto  the  boat  trailer.  This  occurred  when  the 
boat  moved  off  the  bow  rollers  and  hit  the  metal  supports  on  the  trailer.  The  damage  was 
in  the  form  of  long  cuts,  which  showed  no  signs  of  spreading. 
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SECTION  2.  3  COATING  APPLICATION  DEVELOPMENT 


The  final  downselected  fouling  release  coating  system  (Amerlock  400FD; 
SEA210A/SCM501C;  RTV1®1  +  SF1147)  was  evaluated  under  military  specification 
MIL-24647B  (T able  2.  3.1).  Technical  data  sheets  are  provided for  application  of  the  GE 
fouling  release  coating  system.  These  were  developed  based  on  the  data  collected  from 
the  field  applications  described  in  Task  2.2. 

EXPERIMENTAL 

All  testing  was  performed  in  aecordance  with  the  appropriate  military  specification. 
Technical  data  sheet  information  was  compiled  from  best  practices  in  the  field. 
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RESULTS 


Military  Specifications 

Table  .  2.3.1.  Military  specifications  for  the  GE  coating  system. 


Requirements 

Test  Method 

Epoxy 

(Anticorrosive) 

SEA210A/SCM501C 

(Tiecoat) 

RTVll®-!- 10  %  SF1147 
(Topcoat) 

Pigment 

FED-STD-141  4021.1 

39.70% 

13.90% 

25.60% 

Volatiles,  % 

ASTM-D  2369 

40.90% 

4.50% 

1.80% 

Non  volatile 
vehicle,  % 

FED-STD-141  4053.1 

19.40% 

81.60% 

72.60% 

ASTM-D  562 

132  Krebs  units 

182x10^3  centipoise 

11.2xl0''3  centipoise 

Weight  per  unit 
volume 

ASTM-D  1475 

1.41  gm/niL 

1 .36  gm/mL 

1.14  gm/mL 

HI^H 

ASTM-D  283 

Not  done 

Not  done 

Not  done 

Drying  time 

FED-STD-141  4061.2 

off  tech  sheets  temp 
dependant 

1  to  1  1/2  hrs 

1  1/2  hrs 

Flash  point 

ASTM-D  3278 

55“C  base/  29°C  cure 

142“C  base/  29°C  cure 

298°C  base/ 23  5“C  cure 

Sag  resistance 

ASTM-D  4400 

sag  index  1 1 .6 

on  card-  sag  index  26 
on  epoxy-sag  index  26 

on  card-  total  sag  no  index 
on  tiecoat-  sag  index  13.6 

Condition  in 
container 

FED-STD-141  3011.2 

OK 

OK 

OK 

Shelf  life 

Mil-P-24647  4.5.4. 1 

1  yr 

6  months 

6  months 

Partially  full 
container 

Mil-P-24647  4.5.4.2 

139.2  Krebs  units 
138  Krebs  units 

11.3x10^3  centipoise, 

1 1.7x10^3  centipoise 

Accelerated 
storage  stability 

Mil-P-24647  4.5.4.3 

10.1xl0''3  centipoise 
slight  separation 

202x10^3  centipoise 

13.4x10^3  centipoise 
some  oil  separation 

Resistance  to 
tropical  biofouling 
organism 
attachment 

Mil-P-24647  4.5.1 

NA 

NA 

SF1147  with  J501  1996 

SFl  147  with  Sigma  1999 
SF1147  with  SEA  2000  in 
at  MMRTS  and  Hawaii 

Erosion 

ASTM-D  4939/ 
Mil-P-24647  4.5. 1.3 

NA 

NA 

dynamic  panels  to 

MMRTS  2000 

Shallow 

Submergence 

ASTM-D  3623/ 
Mil-P-24647  4.5. 1.4 

NA 

NA 

SF1147  with  J501  1996 

SFl  147  with  Sigma  1999 
SFl  147  with  SEA  2000  in 
at  MMRTS  and  Hawaii 

Ship  tests 

Mil-P-24647  4.5. 1.5 

NA 

NA 

Mil-P-24647  4.5.5 

Good 

Good 

Good 

Mil-P-24647  4.5.6 

OK 

OK 

OK 

Rolling  properties 

Mil-P-24647  4.5.7 

OK 

OK 

OK 

Freeze  thaw 
stability 

Mil-P-24647  4.5.9 

137.4  Krebs  units 

165xl0''3  centipoise 

11.3x10^3  centipoise 

Preliminary  technical  data  sheets: 


Product 

Description  and 
Intended  Uses 


Typical  System 
Data 


Storage/W  arrantee 
Period 


Regulatory  Data 


Instructions  for 
Use 


Surface 

Preparation 


GE  fouling  release  coating  system 

The  GE  fouling  release  coating  system  is  a  silicone  elastomeric  coating  designed 
to  prevent  the  firm  adhesion  of  marine  organisms  to  structures  and  allow  the 
removal  of  these  growths  with  a  sponge  or  stream  of  water. 

The  GE  fouling  foul-release  coating  system  relies  on  the  natural  tendency  of 
silicone  to  prevent  firm  attachment  to  a  variety  of  structures  in  marine 
environments.  The  GE  fouling  release  coating  system  is  intended  to  be  suitable  for 
use  on  ships  (military  tankers,  cruisers,  boats,  pleasure  craft,  service  vessels), 
water  intakes  at  power  plants  and  other  utilities,  bridges,  locks,  dams  and 
associated  structures. 

Unlike  antifouling  coatings,  the  GE  fouling  release  system  is  intended  to  not 
poison  marine  life. 

Key  Performance  Properties 

•  Designed  to  be  non-toxic  to  marine  organisms 

•  Can  be  spray-applied  for  large  jobs,  or  brush/roller-applied  for  small  jobs 

•  Marine  growth  can  be  removed  from  structures  with  a  sponge  or  a  stream  of 
water 


Coating 

Product 

#  of 
Layers 

Wet  Film 
Thickness 

Dry  Film 
Thickness 

Anticorrosive 

Amerlock 

400FD 

1  or  2 

5-6  mils 

3-4  mils 

Tiecoat 

GE  tiecoat 

1 

14-16  mils 

6-7  mils 

Topcoat 

GE  topcoat 

1 

12-14  mils 

9-10  mils 

Both  compound  and  curing  agents  will  remain  useful  up  to  six  months  from  the 
date  of  shipment  when  stored  in  the  original  unopened  containers  in  a  dry  place  at 
temperatures  below  27°C  (80“C) 


Material  Safety  Data  Sheets  are  available  upon  request  from  GE  Silicones.  Similar 
information  for  solvents  and  other  chemicals  used  with  GE  products  should  be 
obtained  from  your  suppliers.  When  solvents  are  used,  proper  safety  precautions 
must  be  observed. 


All  surfaces  to  be  coated  should  be  clean,  dry  and  free  from  contamination  for 
each  layer. 


Steel  surfaces 

GE  topcoat  should  always  be  applied  over  the  recommended  anti-corrosive  coating 
and  GE  tiecoat.  The  tiecoat  must  be  dry  and  the  topcoat  applied  within  the 
overcoating  interval  specified. 
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Preliminary  technical  data  sheets: 


Application 


Environmental 

Conditions 


Procedure 


GE  fouling  release  coating  system 

Mixing  All  base  materials  should  be  well  mixed  prior  to  use. 

The  following  is  a  guide;  suitable  equipment  from  other  manufacturers  may  be 
substituted.  Changes  in  pressure,  hose  and  tip  size  may  be  needed  for  proper  spray 
characteristics. 

Airless  spray:  Recommended  pumps,  tips  and  lines 


Coating  Applied 

Tip  Size  (in) 

Pump 

Ratio 

Line  Specs 

(Length;  Inside  Diameter  (ID)) 

Epoxy 

Refer  to  manufacture’s 
instructions 

Tiecoat 

0.017-0.021 

30:1  or 
larger 

50  ft.;  3/8  in.  ID  6  ft;  3/8  in.  ID 
(whip) 

Topcoat 

0.017-0.023 

45:1  or 
larger 

50  ft;  1/2  in.  ID  6  ft;  3/8  in.  ID 
(whip) 

Brush  or  Roller  -  Recommended  only  for  touching  up  or  repairing  of  small  surface 
areas. 


Product 

Air  and  Surface 
Temperature 

Humidity 

(max) 

Amerlock  400  FD 

20-122  “F 

GE  Tiecoat 

60-90  “F 

85% 

GE  Topcoat 

50-95  “F 

90% 

Surface  temperatures  must  be  a  least  5°F  (3°C)  above  the  dew  point  to  prevent 
condensation. 

Refer  to  Ameron’s  guidelines  for  more  information  about  the  epoxy  base  coat 
(Amerlock  400FD). 

Pot  life  -  See  specific  material  technical  data  sheets. 


Application 

1 .  Flush  epoxy  pump  with  Amercoat  #12. 

2.  Apply  6-8  mils  of  an  Amerlock  400FD  (gray)  epoxy  to  the  properly  prepared 
surface.  This  will  provide  a  base  coat  and  corrosion  protection.  Follow  the 
manufacturer's  instructions  for  surface  preparation  and  application  of  the 
Amerlock  400FD  (gray).  If  a  second  coat  is  required,  repeat  steps  1  and  2. 

3.  Flush  tiecoat  and  topcoat  equipment  with  naphtha  prior  to  use. 

3.  After  a  minimum  overcoat  interval  of  12  hours  the  GE  tiecoat  is  applied  (14-16 
mils  wft). 

4.  After  a  minimum  overcoat  interval  of  12  hours,  the  GE  topcoat  can  be  applied. 

5.  Ventilate  confined  areas  with  clean  air  between  coats  and  while  curing  the  final 
coat.  Prevent  moisture  condensation  on  the  surface  between  coats. 

6.  Flush  tiecoat  and  topcoat  equipment  thoroughly  with  toluene**  upon 
completion  of  the  job  to  prevent  material  from  curing  within  the  spray  equipment. 
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Preliminary  technical  data  sheets: 


**  If  toluene 
cannot  be  used, 
contact  GE 
Silicones  for 
alternative  solvent 


GE  fouling  release  coating  system 
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TASK  3.  ENVIRONMENTAL  IMPACT  AND  TOXICOLOGICAL 

TESTING 

TASK  3.1  ENVIRONMENTAL  IMPACT 

The  fouling  release  coatings  developed  under  this  contract  contained  silicone  oils  to  reduce  the 
attachment  strength  of  macrofouling  species.  Since  non-bonded  oils  were  employed,  it  was 
theorized  that  oil  might  exude  from  these  coatings  during  [their]  use.  Oil  depletion  may 
adversely  affect  the  biofouling  release  performance  and  result  in  increased  levels  of  silicone 
and  silicone  degradation  products  in  the  marine  environment.  In  this  section,  we  summarize  the 
results  from  extraction  experiments  of  radiolabeled  polydimethylsiloxane,  DMSC15,  and 
SF1154  oils  from  RTVll®  under  marine  and  freshwater  conditions.  Total  weight  loss  in 
aqueous  environments  from  RTVll  and  RTVll  amended  with  SF1154,  SF1147,  or  DMSC15  as 
a  function  of  time  was  also  measured.  The  radiolabeled  studies  indicated  that  the  oils  exude 
very  slowly  from  RTVll®  in  both  environments.  The  total  weight  loss  experiments  showed  that 
RTVll®  amended  with  either  SF1154  or  SF1147  lost  the  same  percentage  of  weight  as  the 
control  (RTVll®)  with  no  oil.  The  coatings  containing  DMSCl 5  lost  the  largest  percentage  of 
weight  (5-7%)  over  the  duration  of  the  experiment.  Most  of  the  weight  loss  of  this  coating 
occurred  within  the  first  eight  months  of  immersion.  These  studies  verified  that,  with  the 
exception  of  DMSCl  5,  degradation  of  these  coatings  in  the  marine  and  freshwater 
environments  is  negligible. 

INTRODUCTION 

The  most  effective  silicone  fouling  release  coatings  contain  10-20%  free  oil.  We  have  evaluated 
the  performance  of  oil-amended  coatings  and  have  substantiated  that  oil  incorporation  may  have 

a  beneficial  effect  on  decreasing  the  attachment  strength  of  macrofouling  species  .  Although  the 

mechanism  of  enhanced  foul-release  of  these  coatings  is  not  well  understood,  it  has  been  shown 
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that  attachment  forces  are  lower  on  liquid-like  layers  compared  to  solid  layers  .  However,  it  may 
be  possible  for  non-bonded  oils  to  exude  into  the  water  column,  thereby  increasing  the  level  of 
silicone  in  the  environment.  It  has  been  shown  that  silicones  will  selectively  migrate  onto  soils 
and  that  slow  degradation  occurs  on  moist  soils.  The  products  of  soil  induced  abiotic  degradation 
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are  typically  silanol  terminated  monomers  and  oligomers  .  Depletion  of  the  oil  from  the  coating 
is  anticipated  to  also  adversely  affect  the  biofouling  release  perfomiance.  This  section  comprises 
our  results  on  the  extraction  of  polydimethylsiloxane,  SF1154,  DMSC15  and  SF1147  from 
RTVl  1®  using  radiolabeled  oils,  and  total  weight  loss  measurements  in  aqueous  environments  as 
a  function  of  time. 

EXPERIMENTAL 

Synthesis  of  Oils 
Materials 

Dodecamethylpentasiloxane,  tetramethyldisiloxane,  octaphenylcyclotetrasiloxane,  and  DMSCl 5 
were  obtained  from  Gelest,  Inc.  (Tullytown,  Pennsylvania)  Amberlyst®  15,  methyl  sulfoxide, 
toluene,  allyloxyethanol,  and  dichloromethane  were  obtained  from  Aldrich  Chemical  Company. 
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Octamethylcyclotetrasiloxane,  silyl  phosphate,  Karstedt’s  catalyst,  SF4155,  potassium 
trimethylsilanolate,  RTVl  1®,SF1 147,  and  SF1154  were  obtained  from  GE  Silicones 
(Schenectady,  NY).  Ameron  400  was  obtained  from  the  Ameron  Marine  Paints  Corporation. 
Silgan  J501  was  obtained  from  Wacker  Chemie. 

Synthesis  Octamethylcyclotetrasiloxane 

Wizard  Laboratories  (West  Sacramento,  California)  performed  all  radiolabeled  syntheses.  The 
radiolabeled  precursor  to  both  the  polydimethylsiloxane  and  SF1154  oils  consisted  of  a  ’"Re¬ 
labeled  octamethylcyclotetrasiloxane  (D4),  which  was  prepared  by  the  reaction  of 
tetrachlorotetramethylcyclotetrasiloxane  with  '"RC-labeled  methyl  Grignard  reagent. 

Synthesis  of^‘*C  Polydimethylsiloxane 

’"’C-D4  was  equilibrated  with  dodecamethylpentasiloxane  (MD3M)  using  Amberlyst®  15,  a 
strong-acid  ion  exchange  resin  (Figure  3.1.1).  To  a  250  mL  one-neck  round-bottom  flask 
equipped  with  a  magnetic  stir  bar  and  a  condenser  with  a  nitrogen  inlet,  100  grams  (0.338  mol) 
of  a  mixture  of  ’"RC-labeled  and  unlabeled  D4  (5  mCi  total),  3.25  grams  (8.4x10'^  mol)  MD3M, 
and  1.33  grams  Amberlyst®  15  were  added.  The  flask  was  heated  to  100  °C  for  24  hours  while 
stirring  under  a  blanket  of  nitrogen.  After  24  hours,  the  reaction  mixture  was  cooled  to  room 
temperature,  diluted  with  100  mL  dichloromethane,  and  filtered  through  a  Whatman®  glass 
microfibre  filter  to  remove  the  ion-exchange  resin.  The  dichloromethane  was  removed  from  the 
product  by  rotary  evaporation,  and  the  resultant  solvent-free  oil  was  vacuum  distilled  to  remove 
the  low  molecular  weight  volatile  oligomers.  The  fluid  was  ultimately  maintained  at  a 
temperature  of  200°C  /  0.1 -1.0  mm  Hg  for  3  hours  to  remove  the  remaining  volatiles.  A  clear 
fluid  was  obtained  (85%  yield).  The  average  dimethylsiloxy  block  length  (x.  Figure  3.1.1)  was 
determined  to  be  149  by  ^^Si  NMR  spectroscopy. 


C  H 


C  H 


H3 


Figure  3.1.1.  Synthesis  of ’"RC-labeled  polydimethylsiloxane. 

Synthesis  of'^CSFllSd 

’^C-D4  was  equilibrated  with  octaphenylcyclotetrasiloxane  (D4’’’')  and  MD3M  in  the  presence  of 
potassium  trimethylsilanolate  (Figure  3.1.2).  To  a  50  mL  one-neck  round-bottom  flask  equipped 
with  a  magnetic  stir  bar  and  a  condenser  with  a  nitrogen  inlet,  2.0  grams  (6.8x10'  mol)  of  a 
mixture  of  ’"RC-labeled  and  unlabeled  D4  (5  mCi  total)^  3.80  grams  (9.9x10-3  mol)  MD3M,  4.20 
grams  (5.3x10'^  mol)  D4’’’’,  and  100  pL  of  a  solution  of  potassium  trimethylsilanolate  in  methyl 
sulfoxide  (3.4x10'^  mol  potassium  trimethylsilanolate)  were  added.  The  flask  was  heated  to  170 
°C  for  6  hours  while  stirring  under  a  blanket  of  nitrogen.  After  6  hours,  the  reaction  mixture  was 
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cooled  to  room  temperature.  30.2  mg  (3.4x10’^  mol)  phosphoric  acid,  in  the  form  of  silyl 
phosphate,  was  added,  and  the  contents  were  stirred  for  a  minimum  of  30  minutes  at  room 
temperature.  The  resulting  oil  was  then  vacuum  distilled  at  a  temperature  of  250  °C  /  0.03  mm 
Hg  for  3  hours  to  remove  the  volatiles.  The  flask  was  cooled  to  room  temperature  and  a  clear 
fluid  was  obtained  (70%  yield).  Gel  permeation  chromatography  (GPC)  provided  =  1,256 
Da,  Mn  =  81 1  Da,  M^/Mn  =  1.55.  The  composition  was  confirmed  by  NMR,  ^^Si  NMR  and 
’H  NMR  spectroscopies. 


Figure  3.1.2.  Synthesis  of '"^C-labeled  SF1154. 

Synthesis  of  DMSC15  Containing  No  Low  Molecular  Weight  Oligomers 
DMSC15  was  prepared  using  a  two-step  process:  (1)  To  a  round  bottom  flask  fitted  with  a  reflux 
condenser  and  a  magnetic  spin  bar,  0.64  grams  (5.2x10'^  mol)  tetramethyldisiloxane,  3.54  grams 
(1.2x10’^  mol)  of  D4,  and  0.07  grams  Amberlyst®  15  were  added.  The  flask  was  heated  to  100 
°C  for  24  hours  while  stirring.  Upon  cooling,  the  resultant  silicon  hydride  terminated  oligomers 
were  cooled  to  room  temperature  and  filtered  through  a  Whatman  glass  microfibre  filter  to 
remove  the  ion-exchange  resin.  The  fluid  was  devolitalized  up  to  150  °C  and  0.3  mm  Hg.  After 
stripping,  gas  chromatography-mass  spectroscopy  analysis  (GC-MS)  confirmed  that  all 
oligomers  lower  than  dodecamethylhexasiloane  had  been  removed.  (2)  To  a  round  bottom  flask 
equipped  with  an  addition  funnel,  a  reflux  condenser,  and  a  magnetic  spin  bar  4.25  grams 
(8.8x10'  mol  H)  of  the  silicon  hydride  terminated  oligomers  from  step  1,  and  1.7  grams  toluene 
were  added.  To  the  addition  funnel,  1.35  grams  (1.32x10'^  mol,  1.5  equivalents)  of 
allyloxyethanol  and  10.2  pL  (10  ppm  based  on  Pt)  of  a  solution  of  Karstedf  s  catalyst  in  toluene 
were  also  added.  The  mixture  was  heated  to  85-90  °C  with  stirring,  and  then  the 
allyloxyethanol/Pt  mixture  was  added  drop  wise  over  a  15-30  minutes  period.  Following  these 
additions,  the  reaction  was  maintained  at  85  °C  for  4  hours  prior  to  cooling  to  room  temperature. 
The  resulting  carbinol  terminated  siloxane  oil  was  heated  on  a  rotary  evaporator  to  remove  most 
of  the  toluene  and  excess  allyloxyethanol,  followed  by  devolatilization  under  a  vacuum  at 
150°C/0.05  mm  Hg  for  two  hours.  ’H  NMR  spectroscopy  confirmed  Mn=  1430  Da. 
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Preparation  of  Silicone  Coatinss  Containins  Silicone  Oils 

For  the  radiolabeled  studies,  aluminum  strips  (2.5  cm  by  10.1  cm)  coated  with  Ameron  400 
epoxy  were  weighed,  primed  with  SS4155  and  then  painted  with  a  mixture  of  RTVll®  (using 
dibutyltindilaurate  at  0.5  wt  %  loading  as  the  cure  catalyst)  and  ’"^C-labeled  silicone  oil  (10  wt 
%).  The  coating  was  allowed  to  cure  for  one  week;  the  aluminum  strips  were  then  reweighed  to 
determine  the  total  amount  of  silicone  topcoat  (RTVl  1®  +  oil)  applied  to  each  strip.  Assuming  a 
uniform  distribution  of  ’"^C-oil  throughout  the  RTVl  1®,  the  amount  of  ’"^C-oil  in  each  panel  was 
calculated.  The  panels  were  then  soaked  in  water  for  several  days  to  leach  out  the  tin  catalyst. 
This  rinse  water  was  analyzed  for  total  by  liquid  scintillation  analysis  to  measure  any 
radiolabeled  oil  that  may  have  exuded  into  the  water. 

In  the  total  weight  loss  experiments,  the  RTVl  1®  and  RTVl  1®  amended  with  10%  SFl  154  were 
applied  to  coupons  as  described  above.  The  other  coatings  were  composed  of  the  complete 
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duplex  system  including  anticorrosive  epoxy,  mistcoat,  Wacker  Silgan  J501,  and  topcoat.  The 
following  topcoats  were  applied:  RTVll®  +  6%  DMSC15,  RTVll®  +  10%  stripped  DMSC15, 
and  RTVll®  +  10%  SFl  147.  Samples  were  allowed  to  cure  for  one  week.  The  coupons  were 
weighed  and  soaked  in  deionized  water  for  several  days  prior  to  the  start  of  the  immersion 
evaluation.  After  the  presoak  period,  samples  were  dried  under  ambient  conditions  for  three 
days  before  reweighing.  This  weight  was  used  as  the  initial  weight  in  calculations  to  determine 
the  amount  of  weight  loss  during  immersion  exposure. 

Experimental  Desi2n 

For  the  radiolabeled  study,  the  painted  aluminum  strips  were  suspended  in  both  salt  and  fresh 
water  fish  tanks  (1 1  L)  containing  marine  and  fresh  water  sediments,  respectively  (Figure  3.1.3). 
Marine  sediment  (  pH  7.9)  was  obtained  from  Tampa  Bay,  Florida  and  fresh  water  sediment  (pH 
7.5)  was  obtained  from  the  Scioto  River,  Columbus,  Ohio.  Each  experimental  tank  contained  6 
liters  of  distilled  water  and  305.25  grams  of  the  appropriate  sediment  (based  on  sediment  dry 
weight).  To  the  marine  tank,  31  mL  of  sea  salts  per  liter  of  water  were  added.  Twelve  coated 
aluminum  panels  were  immersed  in  each  tank.  The  tanks  were  maintained  in  the  dark,  and  the 
water  was  stirred  from  overhead  to  simulate  movement  of  a  boat  through  water. 


Figure  3.1.3.  Fish  tank  system  design  for  the  radiolabeled  experiments. 

In  the  total  weight  loss  study,  sample  coupons  coated  with  the  experimental  systems  were 
suspended  in  37.8  L  fish  tanks  filled  with  deionized  water.  These  tanks  contained  an  aeration 
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system  and  a  charcoal  filter,  through  which  the  water  circulated  (Figure  3.1.4).  One-third  of  the 
water  was  changed  daily  to  ensure  that  the  saturation  of  the  oil  in  the  water  was  not  rate  limiting. 


A 

•J  1  1  1  1 

1 _ ^ _ □ 

B 


Figure  3.1.4.  Fish  tank  system  design  for  the  weight  loss  experiments  (A  =  charcoal  filter,  B  = 
aeration  strip,  C  =  test  coupons,  D  =  water  line). 

Analysis 

Each  month,  1  coated  coupon  was  removed  from  each  experimental  tank  (1  fresh  water  and  1 
salt  water  tank  for  both  of  the  '“^C-oils)  and  the  amount  of  ’‘*C-labeled  oil  remaining  in  the 
RTVll®  was  determined  by  thermal  oxidation.  In  this  procedure,  50-200  mg  samples  of  the 
silicone  topcoat  were  combusted  in  a  Packard  Model  307  sample  oxidizer.  Any  ’"^C-labeled  oil 
was  oxidized  to  '"^€02,  trapped  in  a  liquid  seintillation  eocktail,  and  analyzed  using  an  LKB- 
Wallace  Model  1214  Raekbeta  liquid  seintillation  eounter.  Based  on  the  average  of  3  to  5 
samples  per  aluminum  strip,  the  amount  of  '"^C-oil  per  gram  of  silieone  topeoat  was  determined. 
The  total  amount  of  oil  in  eaeh  aluminum  strip  was  then  ealeulated  based  on  the  total  weight  of 
the  silieone  topeoat  for  a  given  aluminum  strip.  Eaeh  month,  the  amount  of  in  the  water  and 
sediment  was  determined  by  liquid  seintillation  analysis  and  thermal  oxidation/liquid 
seintillation  analysis,  respeetively. 

In  the  total  weight  loss  experiment,  2-4  eoupons  were  removed  from  the  immersion  tanks 
monthly  and  allowed  to  air  dry  for  5  days,  followed  by  weighing  on  3  consecutive  days,  and  then 
were  plaeed  baek  into  the  designated  tank.  The  pereent  difference  in  weight  loss  was  calculated 
using  the  weight  at  time  of  testing  and  the  initial  weight  of  the  coupon. 

RESULTS 

Radiolabeled  Oils 

After  12  months  in  both  fresh  water  and  salt  water,  <0.4%  and  <0.03%  of  the  total  ’"^C- 
polydimethylsiloxane  was  deteeted  in  the  water  and  sediment,  respectively.  The  mass  balance  of 
for  the  salt  and  fresh  water  systems  eombined  was  102.23+3.99%  (Table  3. LI).  Mass 
balance  data  (Table  3.1.1  and  3.1.2)  reveal  that,  on  average,  >99%  of  the  theoretical  amount  of 
’"^C-labeled  oil  remained  in  the  silieone  topeoat.  Thus,  the  levels  of  in  the  water  (and 
sediment?)  were  only  slightly  higher  than  baekground. 
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Table  3.1.1.  Mass  balance  of ’'*C-polydimethylsiloxane  in  fresh  water  and  marine  environments. 


Freshwater 
Time  (months) 

In  Tin 
Rinse 

In 

Water 

%  of  total  '"C 
In 

Sediment 

In 

RTVII® 

Total 

1 

0.05 

0.05 

0.01 

100.03 

100.14 

2 

0.05 

0.07 

0.01 

101.54 

101.67 

3 

0.05 

0.13 

0.01 

100.74 

100.93 

4 

0.05 

0.13 

0.01 

101.82 

102.01 

5 

0.05 

0.16 

0.02 

96.08 

96.31 

6 

0.05 

0.19 

0.02 

99.64 

99.9 

7 

0.05 

0.19 

0.01 

97.2 

97.45 

8 

0.05 

0.2 

0.03 

98.6 

98.88 

9 

0.05 

0.24 

0.01 

100.31 

100.61 

10 

0.05 

0.3 

0.01 

101.6 

101.96 

11 

0.05 

0.24 

0.02 

99.31 

99.62 

12 

0.05 

0.25 

0.03 

106 

106.33 

Marine 

1 

0.05 

0.04 

0.02 

95.31 

95.42 

2 

0.05 

0.07 

0.01 

105.53 

105.66 

3 

0.05 

0.12 

0.02 

103.3 

103.49 

4 

0.05 

0.13 

0.03 

109.64 

109.85 

5 

0.05 

0.15 

0.01 

104.91 

105.12 

6 

0.05 

0.17 

0.01 

102.89 

103.12 

7 

0.05 

0.16 

0.02 

101.29 

101.52 

8 

0.05 

0.18 

0.01 

98.89 

99.13 

9 

0.05 

0.19 

0.02 

99.7 

99.96 

10 

0.05 

0.23 

0.02 

106.92 

107.22 

11 

0.05 

0.24 

0.03 

105.86 

106.18 

12 

0.05 

0.36 

0.03 

110.53 

110.97 

Average  102.23 
Std.  3.99 
Dev. 


After  12  months  in  both  fresh  and  salt  water,  <1.1%  and  <0.07%  of  the  total  ’"^C-SFllSd  was 
detected  in  the  water  and  sediment,  respectively.  The  mass  balance  of  for  the  salt  water  and 
fresh  water  systems  combined  was  100.65+6.50%  (Table  3.1.2). 
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Table  3.1.2.  Mass  balance  of ’'^C-poly(dimethyldiphenyl)siloxane  (SF1154)  in  fresh  water  and 
marine  environments. 


Freshwater 
Time  (months) 

In  Tin 
Rinse 

In 

Water 

%  of  total  '"C 
In 

Sediment 

In 

RTVll® 

Total 

1 

0.4 

0.11 

0.02 

103.49 

104.02 

2 

0.4 

0.15 

0.02 

94.84 

95.41 

3 

0.4 

0.19 

0.03 

102.52 

103.14 

4 

0.4 

0.34 

0.05 

94.11 

94.90 

5 

0.4 

0.08 

0.05 

89.7 

90.23 

6 

0.4 

0.06 

0.05 

100.26 

100.77 

7 

0.4 

0.64 

0.06 

98.37 

99.47 

8 

0.4 

0.33 

0.06 

99.69 

100.48 

9 

0.4 

0.62 

0.06 

95.41 

96.49 

10 

0.4 

0.25 

0.08 

95.02 

95.75 

11 

0.4 

1.01 

0.08 

88.61 

90.10 

12 

0.4 

1.03 

0.06 

96.6 

98.09 

Marine 

1 

0.4 

0.09 

0.04 

103.98 

104.51 

2 

0.4 

0.08 

0.03 

92.36 

92.87 

3 

0.4 

0.11 

0.03 

102.94 

103.48 

4 

0.4 

0.11 

0.02 

105.02 

105.55 

5 

0.4 

0.07 

0.05 

101.97 

102.49 

6 

0.4 

0.2 

0.05 

104.55 

105.20 

7 

0.4 

0.09 

0.06 

93.21 

93.76 

8 

0.4 

0.05 

0.03 

107.65 

108.13 

9 

0.4 

0.04 

0.06 

98.3 

98.80 

10 

0.4 

0.1 

0.06 

114.3 

114.86 

11 

0.4 

0.15 

0.08 

102.5 

103.13 

12 

0.4 

0.97 

0.07 

112.6 

114.04 

Average  100.65 
Std.  Dev.  6.50 


Weisht  Loss  Experiments 

Coatings  containing  DMSC15  lost  the  largest  amount  of  weight  over  the  time  period  of  the 
experiment  (Table  3.1.3).  It  is  unlikely  that  preferential  loss  of  more  water-soluble  lower 
molecular  weight  oligomers  occurs  since  the  same  normalized  percentage  of  oil  was  lost  from 
the  6%  DMSC15  sample  as  the  10%  stripped  DMSC15  sample.  RTVll®  without  oil  lost  2.6% 
of  it’s  initial  weight.  The  coatings  containing  SFl  154  and  SFl  147  had  similar  percentage  weight 
losses  compared  to  the  RTVll®  control.  The  weight  loss  of  RTVll®  +  10  %  SFl  147  and 
RTVl  1®  +  10%  stripped  DMSC15  over  the  24  months  is  shown  in  Figure  3.1.5. 
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Table  3.1.3.  Final  percent  weight  loss  for  all  coatings  evaluated.  The  numbers  in  parentheses  are 
the  coating’s  downselect  number. 


Coating 

Total  Days  of 
Immersion 

%  Weight  Loss 

RTVll®  (no  J501)(l) 

973 

2.59  +  0.93 

RTV11®+  10%SF1154  (no  J501)(2) 

973 

3.08+  0.98 

RTV11®  +  6%DMSC15 

700 

5.1  +  1.4 

RTVll®  +  10%  stripped  DMSC15 

700 

7.3 +  0.5 

RTV11®+  10%SF1147  (8) 

750 

3.24  +  1.0 

Months  of  immersion 


Figure  3.1.5.  Percent  weight  loss  of  coatings  over  24  months. 

The  radiolabeled  data  indicate  RTVll®  amended  with  either  polydimethylsiloxane  or  SF1154 
exhibit  extremely  low  levels  of  oil  loss  during  the  1-year  exposure  period.  The  weight  loss 
experiments  show  that  coatings  containing  SF1154  and  SF1147  oils  have  similar  weight  loss 
profiles  as  the  [unamended]  RTVl  1®  control.  RTVl  1®  amended  with  DMSC15  shows  a  greater 
weight  loss  than  the  RTVl  1®  control.  Removal  of  lower  molecular  weight  oligomers  from  the 
DMSC15  oil  did  not  reduce  the  weight  loss  of  coatings  containing  the  stripped  oil.  Retention  of 
these  oils  in  RTVll®  amended  with  either  SF1147  or  DMSC15  suggests  that  silicone  paint 
systems  of  this  type  should  not  result  in  significant  accumulation  of  silicone  oils  in  marine  and 
fresh  water  environments. 
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TASK  3.2  TOXICOLOGY  STUDIES 


A  necessary  attribute  of  a  successful  candidate  foul-release  coating  is  that  it  exhibits  low  toxicity 
towards  aquatic  organisms.  Toxicology  studies  performed  on  our  silicone  fouling  release 
topcoats  indicated  that  the  downselected  coatings  show  significantly  less  toxicity  than  copper 
ablative  paints  in  standard  EPA  protocol  tests.  Toxicity  was  evaluated  against  three  organisms: 
mysid  shrimp  (Mysidopsis  bahia),  the  inland  silverside  fish  (Menidia  beryllina),  and  the  marine 
chain  diatom  (Skeletonema  costatum).  The  most  sensitivity  to  the  coating  exudates  was  shown 
by  the  chain  diatom,  followed  by  mysid  shrimp  and,  lastly,  silverside  fish.  The  catalyst, 
dibutyltindilaurate  was  measurable  in  all  coating  exudates,  but  a  general  correlation  between 
toxicity  and  dibutyltindilaurate  concentration  was  not  observed.  Of  the  downselected  coatings, 
RTVll®  +  10  %  SF1147  (8)  and RTVll^  +  10%  DMSC15  (5)  were  the  least  toxic  to  all  the  test 
organisms. 

INTRODUCTION 

A  successful  silicone  foul  release  coating  must  exhibit  significantly  less  toxicity  to  aquatic 
species  than  copper  ablative  paints.  The  approved  method  for  evaluation  of  toxicity  is  comprised 
of  a  series  of  static-renewal  (96  hour)  Environmental  Protection  Agency  (EPA)  bioassays  which 
estimate  toxicity  toward  the  mysid  shrimp  {Mysidopsis  bahia),  the  inland  silverside  {Menidia 
beryllina),  and  the  marine  chain  diatom  {Skeletonema  costatum).  Mysid  shrimp  are  employed  to 
represent  a  benthic,  or  bottom-dwelling,  response,  while  inland  silversides  (fish)  represent  a 
pelagic,  or  swimming,  animal  response.  The  phytoplankton  marine  chain  diatom  is  chosen  to 
evaluate  any  potential  effects  on  the  primary  producers  in  marine  waters.  The  endpoints  of  the 
tests  are  survival  in  the  mysids  and  fish  (LCsos:  concentration  of  a  toxicant  that  results  in 
mortality  of  50%  of  the  tested  population),  and  biomass,  or  chlorophyll  fluorescence,  in  the 
diatoms  (ICsos:  concentration  of  a  toxicant  that  inhibits  50%  of  a  physiological  process).  The 
coating  extracts,  to  which  the  organisms  are  exposed,  are  analyzed  for  the  concentration  of  the 
catalyst  dibutyltindilaurate  or  for  total  copper  in  the  exudate.  A  copy  of  the  final  report 
submitted  by  SPA  WAR  can  be  found  in  Appendix  3.B. 

EXPERIMENTAL 

Preparation  of  Seawater  Extracts  from  all  Coatinss 

Sheets  of  topcoat  were  cut  into  coupons  (~  3.8  cm  x  3.8  cm  x  0.2  cm  in  size)  and  soaked  in 
filtered  (0.45  pm)  seawater  for  24  hours  at  25°C  prior  to  use.  Exposure  solutions  were  prepared 
daily  by  soaking  a  pre-exposed  coupon  in  250  mL  of  seawater  for  24  hours.  A  single  coupon 
was  repeatedly  soaked  for  successive  24  hours  periods,  for  a  total  of  96  hours.  Coupons  were 
removed  from  solution  prior  to  organism  exposure.  A  solution  containing  a  single  coupon 
soaked  in  250  mL  was  designated  as  a  100%  extract.  An  increased  dosage  was  accomplished  by 
soaking  3  coupons  in  250  mL  of  filtered  seawater  (300%  extract).  Dilution  of  a  300%  extract 
yielded  solutions  of  lower  concentration.  Exudates  (100%  concentration)  were  analyzed  for  tin 

5 

by  purge  and  trap  hydride  derivitization  followed  by  atomic  absorption  .  Identification  of 

67 

dibutyltindilaurate  was  accomplished  by  gas  chromatography  ’  .  The  detection  limit  of  tin  was 
less  than  1  part  per  trillion  (nanograms  per  liter).  The  exudate  solution  obtained  from  soaking  a 
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commercially  available  copper  coating  coupon  was  analyzed  for  copper  with  a  HACH  DR/2000 
Spectrophotometer. 

Bioassavs 

One-day-old  mysids  and  seven-day-old  fish  were  received  from  Aquatic  Indicators,  St. 
Augustine,  Florida.  The  shrimp  and  fish  were  fed  daily  with  freshly  hatched  Artemia  (brine 

shrimp).  The  marine  diatom  Skeletonema  costatum  was  obtained  from  [supplier?], Monterey, 

8 

California.  The  cultures  were  maintained  on  an  enriched  seawater  medium  (ESM)  using  filtered 
(0.22  pm)  seawater  collected  at  the  SPAWAR  test  facility  in  Point  Loma,  California. 

Experimental  Test  Desisn  and  Protocols  for  Mysidovsis  bahia  and  Menidia  beryllina 
Toxicity  testing  of  all  coatings  consisted  of  4-day  static-renewal  acute  tests.  Reference  tests  with 
the  toxicant  copper  sulfate  were  conducted  alongside  the  coating  tests  to  validate  good  health  and 
normal  sensitivity  of  the  test  organisms.  EPA  test  protocols  were  employed  for  the  mysid  and 

9 

fish  bioassays  .  Replicates  were  run  for  each  test  concentration.  Approximately  50  mL  of  the 
appropriate  test  dilution  was  poured  into  beakers,  organisms  were  pipetted  from  holding  tanks 
into  the  beakers,  and  topped  off  with  test  solution  to  a  final  volume  of  200  mL  for  mysid  shrimp 
and  250  mL  for  the  silverside  fish.  Test  concentrations  for  the  extracts  ranged  from  18.75%  to 
300%.  Test  beakers  were  covered  with  glass  lids  and  held  in  a  recirculating  waterbath  at  25°C. 
During  the  assay,  all  animals  were  fed  daily  with  newly  hatched  Artemia.  Solutions  were 
renewed  every  24  hours,  at  whieh  time  beakers  were  cleaned  and  seawater  chemistry 
measurements  (temperature,  pH,  dissolved  oxygen)  were  recorded.  LCso  was  estimated  by  linear 
interpolation  between  the  two  eoneentrations  whose  responses  bracketed  the  response  of 

interest  . 

Minimum  requirements  for  test  aeeeptability  for  dissolved  oxygen  were  40%  saturation  for  acute 
tests.  The  seawater  temperature  fluetuations  were  required  to  be  less  than  +  2°C.  In  addition, 
seawater  controls  were  used  for  eaeh  test.  The  EPA  requires  at  least  90%  survival  of  the  larvae  in 
the  controls  in  order  for  the  test  to  be  valid. 

Experimental  Test  Desisn  and  Protocols  for  Chain  Diatom  Biomass  (Fluorescence)  in 
Skeletonema  costatum 

Prior  to  testing,  subcultures  of  Skeletonema  were  maintained  in  an  enriched  seawater  medium 
(ESM)  in  500  mL  borosilicate  Erlenmeyer  flasks  under  a  light  regime  of  12:12  hours  (light:dark) 
at  a  light  intensity  of  approximately  4000  lumen  from  cool  white  fluorescent  bulbs.  Culture 
temperature  was  maintained  at  20°C.  Test  protocols  were  from  the  American  Society  for  Testing 

and  Materials  Standard  Guide  for  Conducting  Static  96-hr  Toxicity  Test  with  Microalgae 

8 

E1218  .  At  the  beginning  of  each  assay,  test  flasks  containing  150  mL  of  test  solution  were 
inoculated  with  approximately  2  x  10"^  cells/mL  Skeletonema.  The  test  solution  was  made  by 
combining  exudate  and  filtered  (0.22  pm)  seawater  to  achieve  the  desired  dilution.  For  most 
tests,  dilutions  ranged  from  18.75%  to  300%.  Seawater  controls  were  used  in  each  test. 
Seawater  was  collected  from  the  SPAWAR  test  facility.  None  of  the  exudates  exhibited  a 
background  fluorescence  that  could  confound  test  results.  A  Turner  Model  112  fluorometer  was 
used  to  measure  in-vivo  fluorescence  from  the  growing  cultures.  The  fluorometer  was  equipped 
with  a  combination  T-5  lamp,  a  red  sensitive  photomultiplier  tube  (R-136),  a  blue  excitation 
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filter  (5-60),  and  a  red  filter  (2-64)  to  detect  fluorescence  at  wavelengths  >  640  nanometers  (nm) 
since  chlorophyll  a  has  maximum  emission  at  663  nm.  The  fluorometer  was  zeroed  between 
readings  with  filtered  (0.22  pm)  seawater.  All  flasks  were  read  within  1  hour  after  introduction 
of  the  diatoms, and  at  24-hour  intervals  for  a  period  of  96  hours.  The  measured  fluorescence  can 
be  directly  correlated  to  cell  number  and  to  the  presence  of  viable  diatom  cells  relative  to  the 
exudate  concentration.  Mean  relative  fluorescence,  standard  deviation,  and  the  coefficient  of 
variation  were  calculated  for  the  controls  and  each  exudate  concentration.  Relative  fluorescence, 
expressed  as  percent  of  control  was  plotted  over  time  for  the  entire  test.  An  IC50  was  calculated 
from  96-hour  data.  The  test  acceptability  criteria  for  this  test  required  that  the  controls  contained 
at  least  10^  cells/mL  at  96  hours. 

All  bioassays  were  deemed  valid  according  to  EPA  acceptability  criteria  (i.e.  control  survival 
greater  than  or  equal  to  90%  in  the  mysid  and  silverside  fish  tests,  and  control  densities  greater 
than  105  cells/mL  in  the  diatom  test).  Water  quality  parameters  were  also  within  acceptable 
ranges  and  copper  sulfate  reference  tests  resulted  in  acceptable  LCsos- 

RESULTS 

The  RTVll®  base  exhibited  moderate  toxicity  towards  mysids  and  higher  toxicity  towards 
diatoms  but  were  nontoxic  with  respect  to  the  silverside  fish  (Table  3.  2.1.).  Coatings  amended 
with  oil  typically  had  lower  toxicity  than  unamended  coatings  particularly,  in  the  case  of 
diatoms.  The  eommereial  silieone  produet  was  the  only  coating  that  did  not  produce  an  LC50  in 
the  mysids.  However,  diatoms  were  very  sensitive  to  this  coating,  where  an  IC50  of  10%  was 
observed. 

Table  3.2.1.  Summary  of  coating  toxicity  measured  using  EPA  test  methods.  DBTDL  refers  to 
dibutyltindilaurate . 


Coating 

Mysid 

LC50 

Silverside 

Fish 

LC50 

Diatom 

IC50 

DBTDL  (pg/L) 
100%  Exudate 
(1**  24  soak) 

DBTDL  (pg/L) 
100%  Exudate 
(4‘*’  24  soak) 

RTVll®  (1) 

135% 

>300% 

9% 

966 

1823 

RTV11®+  10%DMSC15 

246% 

>300% 

105% 

57 

95 

RTVll®  +  10%  SFl  147 

221% 

>300% 

205% 

36 

111 

Commercially  available 
silicone  coating 

>300% 

>300% 

10% 

267 

73 

Copper  coating 

10% 

5% 

8% 

820  ug/L  Cu++ 

820  ug/L  Cu++ 

The  following  order  was  determined  for  sensitivity  of  the  organisms  to  the  exudates  from  the 
silicone  coatings:  chain  diatom  >  mysid  shrimp>  silverside  fish.  ICsos  were  observed  in  all 
diatom  tests.  Dibutyltindilaurate  was  measurable  in  all  coating  exudates,  but  a  general 
correlation  between  toxicity  and  dibutyltindilaurate  concentration  was  not  apparent.  The  GE 
downselected  coatings  were  much  less  toxic  to  the  test  organisms  than  the  currently  available 
copper  paint. 
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TASK  4.  SCALE  VALIDATION 


The  final  large-scale  application  was  perfiormed  on  a  55.5  rn  patch  of  surface  on 
the  USS  Wyoming  (SSBN-742)  at  the  Trident  Refit  Facility  (TRF)  in  Kings  Bay,  Georgia. 
The  patch  was  applied  on  October  12-17,  2001.  The  application  consisted  of  the  GE 
SEA201A/SCM501C  tiecoat,  and  RTVll®  amended  with  10%  SF1147  as  the  foul-release 
topcoat.  The  preliminary  inspection  (24  hours  after  the  application  of  the  topcoat) 
indicated  good  adhesion  of  the  coating  system.  Peel  adhesion  samples  prepared  during 
the  application  were  tested  before  and  after  a  30-day  aqueous  immersion  period. 
Excellent  interfacial  system  adhesion  was  observed  in  both  cases  (pre-exposure  =  964 
+/-127  N/m  and  post  exposure  =  736  +/-  25  N/m).  The  USS  Wyoming  was  inspected  by 
NSWC  in  the  third  quarter  of 2001  and  no  delamination  was  evident. 

INTRODUCTION 

In  order  to  validate  the  performance  of  the  coating  on  a  larger  scale  vessel  exposed  to 
many  different  marine  environments,  a  test  patch  was  applied  to  the  hull  of  a  vessel  in  the 
active  fleet.  The  demonstration  consisted  of  an  application  on  a  U.S.  Navy  Trident 
submarine,  based  at  Trident  Refit  Facility  (TRF)  in  Kings  Bay,  Georgia.  This  application 
also  served  to  verify  the  improvements  in  application  protocol  of  the  downselected 
coating  system  to  a  large  structure.  A  test  patch  application  on  a  military  vessel  is  also 
one  of  the  scale-up  tests  required  by  the  US  Military  (MlL-P-24647  4. 5. 1.5)  prior  to 
qualification  and  implementation  of  any  anticorrosive  or  antifouling  paint  system.  The 
complete  application  and  inspection  report  for  this  demonstration  is  presented  in 
Appendix  4.A. 


EXPERIMENTAL 

The  fouling  release  coating  system  was  applied  to  a  test  area  on  the  port  side  of  the  USS 
Wyoming  (SSBN-742).  The  majority  of  the  test  patch  was  located  just  below  maximum 
beam  between  frames  42  and  53,  and  was  approximately  9.1  m.  long  by  6.1  m  high.  A 
smaller  area  extended  up  above  maximum  beam  between  frames  51  and  53,  and 
measured  about  1.5  m  by  1.5  m.  The  entire  application  covered  a  55.5  m  area. 

The  surface  preparation  was  performed  by  TRF,  Shop  71  A,  and  consisted  of  wet  grit 
blasting  of  the  surface  to  a  near  white  metal  finish  according  to  standards  published  by  the 
Steel  Structures  Painting  Council  (SSPC  SP  10,  "Standards  of  Surface  Finish").  The  blast 
media.  Black  Beauty  coal  slag,  was  mixed  with  water  at  the  blast  nozzle  to  reduce  dust. 
Rust-Lick  B  (ITW  Fluid  Products  Group)  rust  inhibitor  was  used  during  the  blasting  to 
prevent  flash  rusting. 

Following  surface  preparation,  two  layers  of  Mil-P-24441  type  Ill  epoxy  were  applied  by 
TRF,  Shop  71  A.  The  fouling  release  coating  system  was  applied  over  the  military  epoxy 
by  personnel  from  General  Electric  (Schenectady,  New  York).  The  complete  system 
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consisted  of  Amerlock  400  FD  epoxy,  GE  SEA210A/SCM501C  tiecoat,  and  GE  RTVl  1® 
plus  SFl  147  amended  topcoat  (Table  4.1). 

Airless  spray  equipment  was  used  in  the  application  of  all  coating  layers  (Table  4.2). 
Table  4.1.  Fouling  release  coating  system  applied  to  the  USS  Wyoming. 


Coating 

Layer 

Coating  System 

Wet  Film 
Thickness 

Epoxy 

(coats) 

MlL-P-24441,  Type  111 

Epoxy 

Ameron  Marine  Coatings 

Amerlock  400  (Gray  epoxy) 

1.5-2.0 

Tiecoat 

GE  Silicones 

SEA210A  /SCM  50 1C 

4. 1-4.4 

Topcoat 

GE  Silicones 

RTVll  plus  10%  SFl  147  oil 

3.0-3.6 

Table  4.2.  Spray  equipment  parameters  employed  for  application  of  the  coating  system 


Coating  Layer 

Tip  Size 
Meters 
(10^) 

Pump 

Ratio 

Line  Specs 

(Length;  Inside  Diameter  (ID)) 

Amerlock  400  (gray) 

■a 

30:1 

15.4  m.;  9.5xl0-'  m.  ID  +  1.8  m;  9.5xl0’'  m 
ID  (whip) 

SEA210A/SCM501C 

5.3 

40:1 

15.4  m.;  9.5x10''  m.  ID  +  1.8  m;  9.5x10''  m 
ID  (whip) 

RTVll  +  10% 

SFl 147 

4.3 

74:1 

15.4  m;  1.2x10''  m.  ID  +  1.8  m;  9.5x10''  m 
ID  (whip) 

All  coating  layers  were  easily  sprayed.  The  Amerlock  400  epoxy  was  thinned  by 
approximately  5%  with  Sherwin-Williams  KIO  lacquer  thinner.  The 
SEA210A/SCM501C  tiecoat  was  thinned  with  Sherwin-Williams  Retarder  Thinner  K27 
(20%  by  weight)  and  VM&P  naphtha  (20%  by  weight).  The  topcoat,  RTVll  with  10% 
SFl  147,  was  thinned  by  approximately  20%  with  VM&P  naphtha.  All  coatings  were 
filtered  prior  to  application. 

Wet  film  thickness  measurements  (WFT),  obtained  by  the  applicator,  were  used  to 
achieve  the  proper  thickness  of  each  layer  of  the  coating  system  (Table  4.1).  Dry  film 
thickness  measurements  (DFT)  were  obtained  after  application  of  the  epoxy  layers  (300 
readings,  17.7+/-  2.7  mils),  and  the  thickness  of  the  complete  coating  system  (300 
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readings,  35.4  +/-  5.6  mils)  was  confirmed  using  an  Elcometer  345  Digital  Coating 
Thickness  Gauge  DFT  gauge  calibrated  to  35  mils. 

Environmental  conditions  at  the  time  of  the  application  were  measured  and  recorded.  A 
sling  psychrometer  was  used  to  measure  wet  and  dry  bulb  temperatures  prior  to  coating 
application.  Dew  point  was  calculated  from  the  wet  and  dry  bulb  temperatures.  Surface 
temperature  was  measured  using  a  surface  temperature  thermometer.  The  dew  points, 
corresponding  surface  temperatures,  and  relative  humidities  are  shown  in  Table  4.2.  The 
surface  temperature  always  exceeded  the  dew  point  by  at  least  5”  F  to  ensure  that  no 
moisture  was  present  on  the  surface  during  paint  application.  Airless  spray  equipment 
was  used  in  the  application  of  all  coating  layers  (Table  4.3). 

Table  4.3.  Environmental  conditions  during  application  of  the  coating  system 


Coating  Layer 

Dew  Point 
("C) 

Surface 

Temperature 

fC) 

Relative 

Humidity 

(%) 

Amerlock  400  (gray) 

13.9 

17.2 

64 

SEA210A/SCM501C 

12.8 

17.2 

59 

RTVll  +  10%  SF 1147 

11.7 

16.7 

69 

RESULTS 

Application  of  the  coating  system  was  successful.  The  preliminary  inspection  (scratching 
the  coating)  to  observe  delamination  24  hrs  after  the  application  of  the  topcoat  indicated 
good  adhesion  of  the  coating  system.  Peel  adhesion  samples  were  prepared  during  the 
application,  as  described  in  Task  2.  These  were  shipped  to  GECRD  and  tested  before  and 
after  a  30-day  aqueous  immersion  period.  Excellent  interfacial  system  adhesion  was 
observed  in  both  cases  (pre-exposure  =  964  ±  127  N/m;  post-exposure  =  736  ±  25N/m). 
The  patch  was  inspected  by  NSWC  in  the  third  quarter  of  2001  and  no  delamination  had 
occurred. 


Life  cycle  costs 

Life  cycle  costs  were  based  on  current  sales  volumes  with  a  life  cycle  of  5-7  years. 
Blastco  provided  application  costs  and  maintenance  values  were  obtained  from  NE 
Power  (Table  4.3.1). 

Table  4.3.1.  Life  cycle  costs 


4-3 


Approximate  Life  Cycle  Costs  of  Silicone  vs.  Copper  Ablative  Paints^ 


Item 

cost/fr  (life  cycle) 

Cu-  Ablative 

Silicone 

Cu- 

Ablative 

Silicone 

Materials 

once  (installation) 

once  (installation) 

$1.20 

$4.46 

Labor 

once  (installation) 

once  (installation) 

$4.00 

$5.00 

Maintenance 

twice 

twice 

$2.00 

$2.00 

Disposal 

Totals 

once  (removal) 

once  (removal) 

$2.00-$5.00 

$9.20- 

$12.20 

$1.00 

$12.46 

APPENDIX  0.  ACCOMPLISHMENTS  UNDER  THIS  PROGRAM 
O.A.  List  of  patents  issued  under  this  program 

1.  U.S.  6,107,381  Condensation  Curable  Silieone  Foul  Release  Coatings  and 

Artieles  Coated  Therewith,  Judith  Stein,  Timothy  Burnell 
and  James  Celia,  August  22,  2000. 

2.  U.S.  6,126,991  Method  for  Enhancing  the  Properties  of  Biofouling  Release 

Coatings,  Judith  Stein,  October  31,  2000. 

3.  U.S.  6,180,249  Curable  Silicone  Foul  Release  Coatings  and  Articles,  Judith 

Stein,  January  30,  2001. 
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CONBENSATION  CUKABLE  SILICONE 
FOUL  I{ELE,4SE  COATINGS  AND  ARTICLES 
COATED  THEREWITH 


I.  hvA  iiiv«oiKSii  was  made  wiih  govemmeflit  su^xiii  ualer  5 
No  awarded  hy  iiy  Depiart- 

mt.nt  iil  Jhc  Navy  aod  Coniraci  No.  N<Xi0i4‘9&“G“0145 
awarded  by  DARPA.  The  government  has  certain  rights  in 
this  mvxniioD 

10 

BACKGROUND  OF  mE  INVENTON 

lliis  anvenhon  relates  lo  foul  rekase  coaling  and  articks 
cxiaicil  iherewlih 

As  poetically  slated  in  U.S.  Pal.  No.  4,8d1»670-»  “Marine 
fouling  due  so  pernicsous  and  pestifemiB  senile  organisms 
IS  a  problem  which  readie.s  from  asicieni  limes  lo  ihe 
present,”  In  more  simple  icims»  a  perennial  majof  aggrava” 
lion  So  slikpjSers  and  users  <»f  marsiie  etjuipmeot  in  coiiiact 
wish  wdicr  i>  line  tenrieocy  of  .such  oqniproenl  lo  become  ,,g 
encrusted  wiili  %'anciks  of  wildlife,  as  illustrated  by  bar¬ 
nacles  and  zebra  mussels. 

SaKl  paleni  goes  on  to  describe  in  considerable  detail  ibe 
IVjies  of  Jreatmenis  that  have  been  employed,  starling  as 
early  <ts  18^4,  to  mmimke  marine  fouling.  'Dealmenl  mate-  25 
lials  have  iiicl  tided  compounds  of  such  metals  as  copper,  lin, 
arsenic,  nnercui:y,  zinc,  lead,  antiimmy,  silver  and  iron,  as 
well  as  toxic  orgafik:  materials  such  as  strychnine  and 
aliopinc.  With  increasing  intcresl  in  the  stale  of  the 
environmeiit,  the  use  of  such  maierials  has  been  strongly  30 
discouraged. 

More  fuccntly,  polyorganosiloxanes  (hereinafter  .sriinc- 
limcs  desigriated  ”silia>ncs”  for  brevtly)  have  been  found 
uiscful  as  anli-fouling  cci>alings.  They  include  oondcnsalion 
eure4:l  room  km|>erature  vuicani7Jible  (hofcinafter  .some-  35 
time.s  “R'fV”)  com|XJSirions  coniprisiog  silica  as  a  filler  in 
cocnbioalion  with  sifanol-  or  irialkoxy-ierminatcd  silicones, 
catalysts  and  crrjsslinking  agents.  They  may  be  made  spray- 
abk  by  dalulitMt  wilh  solvents,  typically  volatile  organic 
comjXJUiids  such  m  hydrticarbon-s.  Ci 

Tliere  is  still  a  need,  however,  to  improve  vsirious  prop- 
erlks  of  RIV-based  foul  release  coalings,  particularly  their 
release  effidency  and  iheir  effective  lifetime. 

SUMMARY  OF  TOE  INVENBOK 

llie  preseni  mvcMion  m  based  on  the  discuvccy  that 
addilM-Mi  of  j^xcilkally  tkfmed  watcr-insolubk  silicones  to 
a  umvt  uiioiul  RTV  fomiulaltoo  improves  foul  release  prop- 
enies.  It  includes  fi>ut  telease  coalings  having  said  improved 
propcsljcs  and  crocks  coated  tliercwilh. 

111  oiic  til  ils  aspcAis,  the  iiiv'enlion  is  directed  lo  amden- 
satioii  curable  Lxiatmg  composilions  comprising  the  follow- 
mg  and  anv  rcaclion,  products  thereof: 

|A)  a  one-  Or  ivvo-parl  room  tc:ra]K:raturc  %'Ulcani2abk 
polyorganosaloxanc  comfXJsiiion,  and 

(ID  a  marine  loul  rckai%:-enhancing  proportion  of  al  kast 
one  [wlyarganosiloxane  free  from  sllanol  gfou^  and 
comprising  aPKiut  10-60^  by  weight  of  a*  least  one 
hydroxy-  or  alkoxy-terminaied  polyoxyalkyleneaJkyl  ^ 
radical, 

cnmfrfincnt  B  being  capable  of  bloommg  to  the  surface  of 
the  cured  product  of  componem  A 

Aniilhcr  aspect  of  the  mvcnlioil  ^  utlicks  <^iTlpri^i^  a 
ni.iriiie  slmctuic  coaled  with  an  aMi-fouling  ttoaiingwhich  65 
is  (.he  ciijuicusation  cured  niaction  product  of  ihe  coniposi- 
tiiifi  ikrinciJ  hLCcinalxivc- 


DLTAII  ED  DESCROTOftN;  PREFERRED 
!  MBODIMLN’is 

‘llie  word^compoiiear'  is  frequcosly  employed  herem  fi<i 
brevity  to  dcsignak  the  fTialcuaLs  present  m  the  composi¬ 
tions  of  the  [uvenrion  fls  use  Ih  iiide.pt' ndviil  of  1hc  possihk- 
inicrreaction  of  said  materials  lo  form  other  chcmiciil  con- 
.stiiuenis. 

(’omponem  Acvlihccomfsosdmns  ot  the  invention  m>i\  h. 
a  ccuivcotional  onc-part  or  two-part  R I V  composition;  it  is 
tnosi.  often  a  two-parl  composition,  li  lypicallv  composes  a! 
least  oik  readivc  silicone,  al  least  one  condensation  talaivsi 
and  al  kasi  one  crosslinkuig  Jcenl 

The  reacSis'e  mIicouc  is  most  olleti  a  polydiaikylsjluxaTie, 
typically  of  Ilk  formula 


ill 


wherein  each  is  hydroxyl  or 


-o—Si — (OR')*.,, 


each  Is  independently  a  hydrocarbon,  or  Huorinaled 
hydrocarbon  radical,  each  R'^  asMl  is  a  hydrocarlioti 
radical,  a  is  0  or  I  and  m  has  a  value  such  that  ihe  visensiiy 
of  said  reactive  silicone  under  ambient  tem.pcra.nins  and 
pressure  conditions  is  up  to  about  50,000  ceotipoisc,.  Iftus* 
trative  hydrocarbon  radicals  are  itlKyis  aryl  and 
aikaryU  vinyl,  isopixipenyl,  aliyl.,,  buleiiyl  jiskI  texenyE  with. 
Cj..,  alkyl  and  especially  metbyl  being  preferred.  An  lOus- 
irarive  fluoriiialed  hydrocarbon  radical  .is  3,3,3- 
iriflu.oropfiT>yl-  Most  often,  each  R^  aud  R^*  is  alkyl  and 
preferably  methyl. 

It  is  within  the  scope  t)f  the  invention  lo  empkiy  two  tur 
more  reactive  silicones,  differing  in  average  mo].ecul,ar 
weight,  Tliis  may  afford  a  biniodal  composition  having 
performance  advantages  over  a  sioipk  nionomoda!  compo- 
silion. 

*rhc  condensation  catalyst  may  be  any  of  those  known  lo 
be  uselul  for  promoting  coixlcnsahort  cuniig  of  an  RTV 
mate-rial,  Siiiubk  catalysis  imrlutk  im,  /ircoijiiuii  aikl  liia- 
niumt  compounds. as  tHusiratcd  by  dibutylt.m  ddauraie,  dibii- 
tyltin  diacetaie,  dibuiyltin  muhoxide,  dibutylim  bi-s 
(acctylacelonaie),  l,,'\-dHtx¥propar!Gl]iafiium  bis 
(acciylacetodak),  litamuni  uaphlhcnaic  tctrabuiyl  Utanate 
and  zircomum  octanoatc.  Vanoii,s  s,a.Us  of  organic  acids  with 
suchme-lak  as  lead,  iron,  coball,  mangartesv,  -jmc,  anlunony 
and  bfemmh  may  also  be  employed,  as  m<iy  non-ineulbc 
catalysis  such  as  hcxylamarioniurn  acclalc  and  !>cn/yllnni- 
clhyiamnioniuni  acclalc  For  fiitjsl  pui^Hiscs,  the  lui  and 
lilanium  anripounds  are  prelerrccl. 

As  crosslinkiog  agents.,  infuiielional  (1)  und  ictraliuu. 
liona!  (0)  stlanes  are  useful,  the  krm  “funi;,lioiiflr'  ni  this 
context  deiKvti!]^  the  presence  of  a  sjlicon-oxygeri  b.'iiJ 
TT«y  include  such  compounds  as  mcthvltniriethnx^siIanL 
mathyitficthoxysilafic,  2-eyaflr>cihy!lnrti^lh>ixysiKiTit , 
methyltriacetoxysilade,  iciracihy]  sibeii'ic  ,siiJ  ktoi  ii-piiip\j 
silicate.  The  Q-functional  compounds,  le,  leln.ilkvl 
sfficaics,  are  often  prefcircd. 
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Com|Xincrl  A  may  contain  alhcr  coftsiitucnls,  including 
n.'iiit'nicjnt'  Ji5d  cxicnding  (non-reiiifofciog^  laical 

rk/jrifiiicjEig  jiUcr*}  cumincrcialty  av-inilable  ia  the  form  of 
rekilivcH  large  aggregated  pariicle^,  iypioally  having  an 
aviiragc  s];^esig»ilicantly  greater  iban3(,Kini!i.  The  piefeiwd  5 
are  the  silica  h)leiis«  Eocixtding  himed  silica  and 
precipiialed  silica,  'iliesc  two  forms  of  siacf^e 

areas  in  die  ranges  of  90-’?2-5  arid  8()-i!K>ni5^g,fes^ctively. 

Kile  relnkifcing  filler  is  nxisi  often  preire^ed  with  a 
tfeailng  agent  to  render  ir.  hydroplK^ic.  Typical  treating  lO 
agents  ifbclude  eyclic  silicones  such  as  cyclooctan»thyltet“ 
rasiloxarK  anti  acyclic  and  cyclic  organosilazancs  such  as 
hcxamelliyidisiiazaRc,  l,3-clivinyl-ljl^3,3- 
tetfadwthyidisilazane,  hexamethykydotrisilazatte,  ocram- 
elhylcycloJcIrasjIa/aum  and  mixtures  of  tirese.  Hexamethyi-  i5 
disilazi^iie  is  often  prelerre-d. 

Non-reinforcinc  ftllefs  include  ritanium  dioxide, 
liihoixmie,  zinc  oxKie,  ziroonmnn  silicate,  iron  oxitkss,  dialo* 
mawoits  earib,  calcium  carbtmatc,  glass  ftbe^  or  spheres, 
inagncsiitin  oxide,  cha>inlc  oxide,  zarconiiint  oxide,  alunii-  20 
mm  oxide,  crushed  quarts!:,  calcined  day,  talc,  kaolin, 
asbesias,  carbon,  graphite,  cork,  comtn  and  synthetic  fibers. 

Ilic  proportions  of  the  constituents  of  component  A  may 
be  varied  widely,  fhe  amount  of  filler  is  generally  about 
5-200  pafis  and  prelerabty  about  10-150  purls  by  w^cighl  per  25 
100  pam  reactive  silicone.  Catalysts  and  crosslinkers  are 
gerwrally  present  in  the  amounis  of  aboni  0.001-2.5%  and 
alxuat  0.25-5.0%  by  weight  respectively,  based  on  the  com¬ 
bination  ot  reactive  silicone  and  filler. 

Componeiil  B  is  a  water-iiwtoluble  polyorganosiloxane  .^o 
free  from  siknol  group#  and  coniaining  at  least  one 
hydroxy-  or  alkoxy-terminaied  pKiIyoxyalkyk-riealkyl  radi¬ 
cal  Said  radical  or  radicals  comprise  about  10-  by 
weight  of  component  B;  that  is,  the  molecular  weight 
ailriibutabk  to  said  ratlicals  is  about  10-60%  by  weight  of  35 
fhe  loial  moleciilar  weight  altrihuiable  to  component  B. 

In  general,  component  B  comprises  compounds  of  the 
for'muk 

<in)  4Ci 


wlwein  each  R"‘*  is  a  hydrocarbon  radical  and  each  R^’  fe  a 
hyclrocarbi:>n  or  ftuorinaied  bydrcjcarbon  radical,  whb  the 
proviso  Ibat  at  least  one  of  the  riudkak  has  the  lormuta 

(iV) 

wbcrein  and  each  R**  is  iodependeilOy  alkyleilc  and 
R’'  IS  hydrogen  or  C|  *  primary  or  secondary  alkyl;  n  has  a 
value  sudt  that  the  w  eight  average  molecular  weight  of  the  55 
com^Hsund  of  forinuU  11!  K  in  the  range  of  about  500—40, 
OlH)i,  and  /  and  the  number  of  radicals  of  fonnuJa  IV are  such 
that  said  ra^licals  of  formula  IV  comprise  about  lO-SOS-  by 
weight  ul  aimpmient  B  The  iJlusiralive  and  preferred 
bydriLXafbtm  nidicdl.s  tor  arc  the  -same  as  for  m 

R'  rind  H*'  may  be,  for  example,  ethylene,  prej^le^  or 
trt methylene;  iV  is  preferably  trimetliyleiic  and  R®  kpref- 
erahiv  ethylene.  is  most  often  hydrogen  or  methyL 

conipourkK  ot  formula  III  are  available  from 
tides!,  liK',  under  Ibe  trade  dtrsi^ialions  ‘‘Dh^S-C”  and  65 
“HBf”  One  jlU]sOatiooofsiu:haconipoi«idis“DMS-Cl5” 
which  luis  d  inok'cular  weight  of  1 ,0fK)  and  a  visewiv  ID  the 


4 

ran^  of  30^50  ccntipoisc  and  in  whLh  eaeh  R'’  is  mellivL 
cach  has  formula  IV,  R^  is  intrictbylcne,  is  etlolciu , 
R®  fe  hydrc^cn  and  llic  radicals  of  forntula  JV  coiisniutc 
about  20%  by  weight  of  llic  molecule,  Aii^ilhei  is  “l>BL- 
224”,  which  has  a  molecular  w'eigbt  of  and  a  vis 

cosily  of  about  4iKt  ccntipoisc  and  in  w^hich  each  iV  and 
each  R®  is  mefhyl.  with  Ihc  proviso  that  enough  R'^  radieub 
have  formula  IV  in  which  R  ^  Is  iririiclliyleiic:,  R'*  is  clhvlcrie 
and  R^  is  methyl  to  provide  aSmui  15<t  by  weight  of  the 
molecule.  More  generally,  ihc  comjiounds  employeil  as 
eximponeni  B  which  coouin  truerw!  raJicdh  of  formula  IV 
should  conlaii)  them  in  an  amount  to  provide  about  2(V-VKv 
by  weight  of  the  molcctilc. 

C'omponcni  11  is  presen!  m  the  comiKTSilions  of  Ihc 
invention  in  an  effective  pix»|Hiiiion  to  enhance  toul  release 
properlies.  For  the  iittisE  part,  about  5 -"2tt  parts  by  w^eight  per 
10(1  parts  of  compoDeiuAii.  adequate  ifre  c^^vcniial  properly 
of  compoHcnl  B  is  that  ol  bkx'inuig  to  the  .surface  of  ihe 
cored  product  of  compooent  A  during  or  after  the  airing 
process,  by  reason  of  iis  higbei  polarity  than  coin|xineni  A, 

'flic  comjxisitions  of  ihU  inveiuion  may  alsit  iiicnrjxjraic 
further  consiiiuenis  such  as  nun-reacrivc  silicone  oils,  dyes, 
solubilizing  agents  aixl  solvents  to  rentkr  them  sprayabk  if 
sprayabdily  m  desirable.  Ihcsc  mav  be  nurtKliiccd  a.s  part  of 
componeiit  A  or  as  adjuvants  to  the  entire  composition,  as 
appropfiaie. 

dutiable  solvents  include  aromatic  ftydrtxarbcms  such  as 
toluene  or  xylene  and  aliphatic  hydrticartons  such  as  pclro- 
Icum  naphtha.  Solubilizing  agents  include  vinyl-vsubstitulcd! 
silicones,  generally  present,  if  at:  aO,  in  amouiiits  up  lo  about 
25%  by  weiglii  based  on  the  wiBbinalion.  of  a>.ii'ipoi»nts.  A 
and  B, 

'Hie  marine  structures  in  ihC'  article.^  of  the  iimntioD  are 
often  ships”  hulls.  However,  other  mnderwalcr  articles  such 
as  liquid  collecting  and  discharge  pipes,  dry  dcid£:equipffieii{ 
and  the  like  arc  included.  Suitable  maieri!9.is  Iherefoi  inciude 
metals  such  as  iron  arKl  alumintiii:^  and  resinous  inmieria'k 
such  as.  fiber-reinforced  thermop!a.siic  or  ihemicw5et  resins. 

Application  of  the  comj.x>sitioni»  of  ihe  irwenliiini  is  typi¬ 
cally  preceded  by  the  application  of  coiivcnlional  prclrcal- 
mcnl  layers.  'Ilicsc  may  include,  for  example,  anti-corrosive 
epoxy  primers,  mist  coals  and  tie-layers  comprising,  poly- 
oiganosiloxanes  and  toughening  CiimiKments,  I’kie  aimpo- 
sitioEis  of  the  invention  may  be  applied  by  conventional 
techniques  such  as  brushing  or  drawing  dowm,  or  by  iq^niy- 
ing  if  they  are  ii^itably  diluted. 

’Itie  invention  is  illusiraiedby  Ihe  following  examples.  AH 
pans  and  percentages  are  by  weight. 

EXAMPr...E  1, 

A  condensaiioo  curable  RIA/  coHiixisiiion  was  prepared 
by  bkndidg  the  following  constiiucnis  in  the  amounts  indi¬ 
cated: 

Fart  h 

Siknol-siopped  fKilydimeihylsiloxane,  viscosity  3{,’MMX1 
ceniip;>ise-“lCKI  pans; 

oon-feacrive  polydimethylsiloxaoe  oil,  viscos.jty  20 
centipofee— 38.5  pans; 

n-|iropyl  salk;ale“—12.l3  parts; 

silica,  hexameihyldasilazane-ircaled  3?  p^as 

Part  11;  dibutyliin  dilauraie. 

'fhe  two  pans,  also  containing  cjonventiomt  aJdilKes 
such  as  iWH-reinforaiJg  IllkiS,  dyes  ,ind  oirnpjlihiliATs, 
were  combined  in  |»^i>ptulions  such  ihat  Hie  d3inil)lrii6  dilni 
rate  was.  present  in.  ihe  amouiU  of  2  43  parts  j^ca  lliil  p.iits  uf 
sffanol-stopped  polydimethylsfioxans  Tea  the  lesuituiLi  k  I  V 


O.A-4 


6,107,381 


5 


6 


(LujiipiisiliKin  wis  Mldcd  10%  by  wcighij  ba^d  on  RTV 
compi'sniofi,  a  fKilydim^ihyfeilascwK  hsviag  hydroxy- 
tcinanalLd  1l■(poly<)l^ycihylcRc)plt)pyl  end  gionps  ami  a 
\vciglil  nvcrdiy^r  niolecwkr  wc^ht  of  about  1,WI0.  Tl»  com- 
po-viiinn  thus  prcj>aR4  was  applied  by  curtain  coating  lo  5 
aSuminiiirTj  icsi  panels  which  had  been  pnevioasly  coat@d  with 
a  ciummcfcially  availdbk  epoxy  antinoom^^on  coatmg, mfet 
coal  and  lae-laver.  rhe  lest  panels  were  exposed  to  water  for 
12  iTKmiihs.  after  which  time  the  91”«99%  of  their  surface 
area  was  iin1,oukd  <i,ikI  tio  cncrustiRg  biyo2»ans  were 
present  A  coiiUoI  paficl,  coaled  with  the  RTV  compe^tion 
alone,  had  66-69%'  ot  its  surface  area  iinfouh^  and  had 
25'“5(>%'  encrusting  bry'oxoaris. 

EXAMPLES  2-3 

An  RTV  cofttptKshion  was  prepared  by  blending  (Part  I) 

70  parts  of  a  siknol-terminatcd  polydimclhylsiloxane  hav¬ 
ing  a  viscasity  of  3^100  ccnlipoisK,  29  parts  of  calcruni  ^ 
carhcjnate  and  2  parts  of  fctraelbyl  silicate,  and  (Part  II)  0.5 
pan  of  dibuiyltin  dilatiraie.  There  were  then  added  i0%, 
based  «a  RTV  composilioB,  of  the  following 

Exsunple  2 — the  hYdroxy-fcnnittaled  S-fpolyoxyelhyJene) 
propyl  fiolydimethyfsitoxanc  of  Example  1.  25 

Example  3 — a  metbyl-tcmiiaaied  polydimclhylHiloxanc 
coiiiaining  internal  melboxy-termi  tiated 
3-(polyoxyethylene)pfopyl  groups  and  having  a  welghi 
average  irtolecular  weight  of  10,000.  ^ 

AI.urmi.oum  test  panels  simihir  lo  ihoisc  of  Example  I  were 
priroed  with  a  aunmercially  available  primer  and  then 
crirlain  ooated  with  the  compcwsilumsof  Examples  2— 3.  They 
were  then  submerged  in  a  sail  water  lagoon  in  l-lorkla  in 
cages  Mtil  berriacle  senkmcm  occurred.  At  the  end  of  the  55 
lest  period,,  barnacle  adbesioa,  as  determined  by  ASTM  test 
procedure  DS618,  for  the  panels  coated  with  the  products  of 
Exiumples  2  and  .3  were  0.69  psi  ami  5.18  psi,  respectively. 

A  Goiiirol  panel  coated  with  iIk  RTV  composition  only  had 
a  barnacle  adteskm  of  1035  psi.  4*;) 

What  ia  claimed  is; 

1.  Acoiitfejiipalion  curable  coaling  composition  compris¬ 
ing  the  following  and  any  reaction  prmluds  thereof; 

(A)  a  one-  or  Iwo-parl  room  temperature:  vulcnnizablc  45, 
polyurganosiloxanc  comjKisition,  and 

(B)  a  marine  foul  releas^-enhancmg  proportion  of  at  least 
orwi  jtolyorgaiKisiloxane  free  from  silanol  groups  and 
compri.sing  about  10--60%  by  weight  of  at  least  one 
hydroxy-  or  alkoxy-lcrminalcd  polyoxyalkylencalkyl  SO 
radical, 

component  li  being  capable  of  blooming  to  the  surface 
of  the  cured  pnxluci  of  component  A. 

2.  A  comtositk>a  according  to  claim  1  whereiii.  compo¬ 
nent  A  comprises  at  kasl  one  reactive  silkonc,  at  Icasa  one 
condensalioii  catalyst  and  at  least  one  crosslinking  agent. 

3.  A  cojTipasilion  a.ccxirdir^  to  claim  2  wherein  the  reac¬ 
tive  silkoitc  is  a  fTolydialkylsiloxane  having  the  fttfiiiwla 


wherein  each  is  hydrt^xyl  or 


each  R"  is  indepeixlently  a  hydrescarton  or  l1.uoriiialcd 
hydioctrtton  radicak  each  aixi  R‘‘  is  a  hydrocarbon 
r^icaJ,  a  is  Q  or  1  and  m  has  a  value  sufch  that  the  viscostty 
of  said  reactive  silicone  uruler  ambieni  lempeialurc  arxl 
pressure  ccHulitions  is  up  lo  about  5tUXIt(l  cenfipoisc, 

4.  A  compostlion  according  lu  claim  3  w  here  in  each  It'  is 
methyl 

5.  A  comp<KiiUon  according  to  claim  3  wherein  each  is 
hydroxyl 

6.  A  ct>mp<]«ilion  according  to  ebim  3  wherein  each  R*  is 


(a^‘. 

wherein  each  and  R’‘  is  a  hydrocarbim  radical  arid  a  is  0 
or  1. 

7.  A  composilion  according  lo  claim  2  wherein,  [.he  con¬ 
densation  catalyst  is  a  tin,  /.irojaimn  or  (iidmutn  compound, 
8-  A  composition  according  u>  claim  2  wherein  the 
crosslinking  agent  isa  Irifuiictional  or  IctraluncUonal  silane. 

9,  A  composition  according  lo  claim  H  w'liertiin  the 
cmsslinking  agent  is  a  tclraalkyl  silicate. 

10.  A  compiisilion  according  to  claim  1  wlicrein  compo¬ 
nent  B  comprises  compouitcfc  of  the  formula 


wherein  each  is  a  hydrocarbon  radical  and  each  R®  is  a 
hydrocarbon  or  Huorinatcd  hyxlrocarboo  radical,  with  the 
pfoviso  that  at  least  one  of  the  radicals  has  ihe  formula 


wherein  iV  and  eadt  is  independently  alkyknc  and 
R®  is  hydrogen  or  Cj..,  primary  or  secondary  alkyl;,  n  has  a 
value  such  that  the  weight  average  molecular  weight  <if  the 
compouiKl  of  formula  III  is  in  the  range  of  about  500“4l>, 
(KXI;  and  zandilienumber  of  radicals  of  formula  IV  arcsuUi 
that  said  radicals  of  fornuila  IV  cortiprisc  about  lO-biWo  by 
weight  of  coiuponcnl  B. 

11- A coinposMoii  according  lodaim  10  wherem  each  R^ 
and  R*  that  does  not  have  fontiula  IV  is  methyl. 

12.  A  compo&itioQ  according  lo  claim  11  w'hercin  i;x>m- 
jmrNjnt  R  has  a  viscasity  in  ihc  range  of  30-.^  ccnl  i]xiis€  and 
each  R*  therein  is  nuslhyl  each  ha.s  lomiiula  IV,  R’  is 
irimeihyleiK.  is  ethylene  and  R®  is  hydrogest. 

13.  A  composition  according  lo  clam  II  wherein  is 
liiniefliylen.e,  each  R®  is  ethylene  and  R’^  is-  hydrogen  or 
methyl 

14.  A  composition  according  to  claim  12  wherein  each  R""' 
has  formula  IV  and  is  hydrogen. 

15.  A  compC'Sitic.n'i  according  to  claim  11  wherein  coin- 
poiwnt  B  has  a  vfeaisily  of  about  400 ceniipc,)ise  and  each  R-^ 
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nm]  c-ach  is  iTicifeyl  wilh  the  proviso  lhai  cnou^ 
radicals  hjvc  foriioub  FV  in  which  R’  fe  tiimeihykiie,  R®  is 
t'lhylcnt:  ami  is  melhyi  lo  pitivkle  abomi  ^-30%  by 
wcighl  uf  ihc  moiceulc. 

1^.  A  a:]iiK.knsaCic^  curable  coating  composiiioii  CDin|sis>  ^ 
ing  oninfKjnenls  (A)  ami  (B)  artd  any  reaction  pK^iias 
itereof: 

whcjtiin  the  first  component  (A)  comprises  a  chw-  or 
iw<i-paii  rs)om-tcii'iperaiure  vulcartizabk  iKiiyorgan^i* 
loxane  c-omposUion  which  comprises  ai  least  one 
cross.linkirtg  agent  witerein  the  agent  let- 

raaikyj.  silicate;  at  least  one  condensation  catalyst 
wiierc^in  the  catalyst  comprises  a  tin,  Zircotiiutfi  or 
liianinm  crjmpotinci;  aad  at  least  one  reactive  siiuxme 
wherein  U^e  reactive  silicone  is  a  ^dydialkyisiloKaiie 
having  the  formula 


whcicin  the  second  coniponcoi  (B)  ooinpriscs  t  m^irinL 
foul  telease-enhancing  proportion  whidi  cnmprjsis 
compotincb  of  the  formula 


wherein  each  has  the  formula 


(i> 

i  S  V  j 

wherein  each  R^  therelB  Is  methyi  is  tiimethykne,  R*  is 
clhylctic  and  R’*  is  hydrogen;  n  has  a  value  such  tlial  Ihc 
weight  average  raokcuiar  weight  of  Ibe  compound  of  idr- 
wlfcreiii  cfttdi  8^  is  methyl,  and  cadi  is  hydroxyl  or  ^  mula  k  la  the  range  of  about  5W»-40,(XlO;  and  z  and  the 

number  of  radicate  of  formula  IV  are  smeh  that  said  radicate 
(Uj  of  formula  IV  comprise  about  l0-(>0%  by  weigbi  of  com- 
— o — Si — (Ok’)5,«  ’  poncnl  B, 


30  componcm  B  being  capable  of  blomning  lo  (he  surface  of 
the  cured  product  of  aunponenl  A, 

wteem  each  R*  and  R‘“  is  a  hydrocarlxm  radical  and  a  is  0 

Of  I,  and  »  ♦  ♦  #  * 
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release  coalings  by  ex^xisiiig  tlK-  .sarfaoe  »?1  the  Wofouiiiig 
release  coating  lo  a  resio-radve  compound  for  a  ume  fyifFi- 
cienl  to  effect  enliaocenienl  of  biofnuliiig  release  pioperiius. 
Also  disclosed  arc  kite  ij*5cful  in  carrying  out  ih(ssc  pro¬ 
cesses. 

II  ClaiBi-s  No  ilrawipgs 
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Mi-rmOIJ  FOR  ENHANCING  THE 
PlOFEri  iHS  OFBIOrOUIJNG  REl^EASE 
COATINGS 

BACKGROUND  OF  THE  IN  VENTION 

■Rik  i)(ivi,niir>n  was  marie  wijh  Oovemanenl  siip|»n  «nder 
Govcroirmni  (  oniraci  Nti  N0f)014“96“C“D14-5  awarded  by 
DARPA  I  he  fioveinmeol  may  have  certaid  rights  to  the 
mveniion. 

Ihi«  invention  is  related  to  the  field  of  biofoulii^  release 
eoalings  for  use  in  industrial,  commerdal  or  military  mariiie 
and  frcshwaier  appltoations-  In  particular,  this  inveotkin 
relates  to  a  mcthcxl  for  regciicralii^  a  biofouling  release 
coaling  which  has  ttecreased  release  efficacy  dtie  to  deple¬ 
tion  tir  lack  ol  an  ina:»rpt)niled  oil. 

Damage  to  untkirwater  power  cables,  and  the  like 

due  to  colootealioti  of  their  surfaces  by  organisnts 
Gndudtag,  but  not  limited  to,  barnacles)  has  serioi^  eco- 
normc  consequences  in  marine  and  freshwater  incliLstries. 
Anlifouliing  and  foulisig  release  coalings  have  been  devel-  ^ 
oped  to  prevent  or  reduce  biofoaling,  and  to  loosen  the 
strength  of  llie  allachrnenl  of  marine  organisms  to  make 
ckaning  surfaces  easier.  There  are  many  cc>ninierciai  foul 
relea**:  coatings  Including,  for  example,  OE  lIXStn..<t« 

However  there  have  l>eeo  no  reports  of  renewal  methods  for  ^ 
Ihesc  coatings.. 

Ttiere  lias  been  a  continuing  need  in  the  coaling.s  industry 
for  new  methods  for  increasing  the  useful  life  of  fouling 
release  and  aniifouling  cxialings.  At  present,  the  useful 
lirciitnc  of  &  copper  ablative  anlifouling  coaling  is  approxi- 
malely  three  years,,  after  which  lime  the  coaling  mii.si  be 
removed  tkjm  the  hull  and  reapplied-  It  iseslimaled  that  the 
effective  life  span,  of  silicone  fouling  relea.se  coatings  is 
a.lxmt'  5-7  years.. 

Hie  rckase  characteristics  of  silicone  fouling  release 
coalings  are  known  to  Ix;^  .significantly  enhanced  by  the 
acidilkiiii  of  oils  such  as  rntnent!  oil  and  silicone  oils.  Har- 
nadc  tiidhesion  measummcnis  on  fouling  release  coatings 
snbstanlklo  t  hat  removal  of  fouling  rctjuires  less  work  virheii 
llw  silicone  topcoat  hsss  been  prep^tt^d  with  incorpuraicd  4,^ 
oils.  For  example,  silkooe  oils  sudi  as  dimeihyl  .silicone 
oils,  pbcByl-modifled  silicone  oils,  and  polyetbcr-iWKlified 
silicone  oils  have  been  incorporated  into  biofouling  release 
coatings, 

Unfotrluoatcly,  these  addiiivcs  lend  to  diffuse  mil  of  the  45 
coaling  during  use  and  arc  thus  rapidly  depleted.  The 
depleted  coatings  lose  their  cnbunccd  foul-release 
properties,  and  cTJUscquenlly  their  cffcciiveness  is  reduced. 
Depktiun  of  lire  additive  therefore  iunils  the  useful  life  of 
!hc  coAiuig,  neoej^ilaiing  periodic  removal  ami  reapplicatfcui  §0 
of  a  new  silicone  hiofouling  rcka.se  coaling,  A  rccoal 
technology  fou  ihesc  coating  which  docs  not  require  <x>m- 
pIcJv  rcnuncil  and  rcapplicatkm  of  tlie  coating  would  sig- 
mlicjntly  rwluoe  life-  cycle  ciwts  and  enhance  the  atfrac- 
livcuevs  of  (hesc  actings  to  the  [xiwer  titiliiy,  military,  §5 
industnal,  and  coputicrcial  markets. 

lo  loiesiaill  the  rapid  oil-dcpielion  ol  oil-containir%  bio- 
fouling  rclcust.  csuitings,  larger  amounts  of  oil  have  been 
mcorporated  imo  these  coalings.  'Ons  solutioii  to  the  prob- 
kin  docs  curtail  ihc  rapid  depletion  of  the  oil,  but  so 

Eiafoly  il  temfei  to  severely  impair  Ibe  mechurical  properties 
of  the  coalings,  pdriictilarly  Icar  slrenglh  and  atxasion  reds- 
laoct:.  lucre dsmg  ibc  original  additive  of  biofouling 

rele.ise  coatings,  tlierefiue,  does  nm  provide  a  woikable 
msthixl  ol  uicrtasing  the  life  ol  the  coatings.  §5 

Silicone  biofouling  release  coatings  made  without  addi¬ 
tives  aI.so  have  been  used  to  make  cleantQg  surfaces  of 


oiganisms  easier,  but  ihcv  arc  iifil  as  cikclivc  as  cn4iiinij> 
with  ineorjtoraied  oils  A  melhiKl  fov  enhancing  the  pnoper- 
ties  of  these  coalings,  as  well  as  resluring  Ur  etjhnm'u.1 
fek^  pfope-rlies  of  older  coatings  originally  cottl.tuiittu 
addilwes  is  highly  desfoable. 

.SUMMARY  Ob  nil.  INVhNrUtN 

The  present  jnvcnlton  relates  to  a  mciliitl  of  juioxluciftg 
enhaoc^  biofoul  I  ng  release  pn^pertics  to  an  iifiact  biofiiul- 
ing  release  coating,  which  mclhod  composes  exposing  Ihc 
surfata  of  Ihc  biofouling  rcka.se  coaling  lo  a  restorative 
compound  tor  a  time  .suflicient  lo  cffiicl  enhancement  of 
biofouluig  release  propenies. 

In  a  further  asj^ecu  llie  present  invctiiion  relates  to  a  kit  for 
the  enlianceiueot  of  the  biotoubng  relea.st,  profKrlies  an 
intact  biofouling  release  coaling,  sax!  ktl  coiinp.nsinig  a 
container  ctmlaining  a  rcslorative  compound  suitable  lor 
said  eHhMcenicnt- 

iii  yet  am:^lKjr  aspect,  Ihe  prcsenl  invcHlion  relates  10  a  kif 
for  Ibis  enlianceiuenl  of  the  biijft>«.lifig  release  ixoiicrlies  of 
an  iiilaci  biofimling  release  coaling,  .said  kti  ainiprisiog  a 
coiiiaincr  coniamiiig  a  hiofouling  release  coaling,  and  a 
cotWainer  containing  a  resloralive  compound  .isiijuble  for 
said  eohancerneni. 

DETAILED  DESCUIFl’lON  OF  THE 
INVENnON 

file  wrni  *toil-<!epku?d''  referriflg  to  release  costing  will 
Itc  used  in  this  application  to  denote  my  h  bfouli  tig  release 
coaling,  whether  manufactured  wdlb  or  wilbcnil  incorpo.ra!:ed 
oils,  which  has  l>cen  ckpkicci  of  t.he  oil  aitididve  or  lacks  the 
oil  addihve,  arid  therefore  has  a  reduced  clIectiYeimss  com¬ 
pared  to  coaiifig-s  a)iit:a.iiiing  tlie  oil  adtfilive.  It  fe  not  to  l:ie 
consinied  a.s  limited  solely  lo  coatings  •winch  were  manu- 
factored  containing  oil  and  have  .^ul?scqueclly  bee.ii  depleted 
uf  the  oil. 

ITic  hiofouling  release  coalings  which  may  be  cnlianccd 
by  the  present  itivemion  include  generally  any  coaling  into 
which  a  resioraiive  compo«.iid  may  lie  incoiporatecl  for 
enhancement  of  biofouling  release  pfO|>eriie«.  The  presen, ( 
itivcntion  is  particularly  applicable  to  release  coaliiigs  which 
include  a  conventional  one-part  or  Iwo-parl  RTV 
comfxusiiitm,  preferably  a  iwo^parl  comjtosition.  It  may 
comprise  ai  kasi  one  reactive  si!icotJC»  at  least  oix;  ct>!iden- 
salion  catalyst  and  ai  least,  one  cto>s.sliriki!ig  agent. 

Tlte  reactive  silicotie  is  preferably  at  least  one  of  a 
polydialkykiioxane,,  a  polydiarylsi1oxane»  or  a  poly.alkyla,r- 
ylsiloxanc  lyjiically  of  the  fonnula 


(i) 


wherein  each  is  a  liydrosyl  radical  or 


each  R“  k  iiidepeodeijUy  a  hydrctoarbon  or  fluorinaied 
hydrocarbon  radical,  each  and  is  IrtdepeiKkiuly  a 
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h  vi.1i  I H.  l1  fix  111  ftul  [C<i1  II  is  0  or  I  ^  and  m  has  a  value  such  that 
the  viM.i»<4iiy  oi  couipouRd  und^  arabfent  temperature 
anJ  pressure  cundjlunis  is  up  lo  aboul  5D,000 
liliislralivc  i^ydrocfutxm  radicals  arc  alkyl,  aryl 
ssnd  islkan,],  vinyl,  isoprtjpctiyl,  allyl,  butenyl  and  hcn^ayl^ 
Aviih  phenyi,  C,,.j  alkyl  and  especially  methyl  being 
j’cireil  illusiralive  Riioritiaicd  hydrncarhon  ^icat  U 
3 ,33*lril1ut>ruprcpyl.  PTet’erably,  each  R^,  and  is  alkyl 
and  prckrably  meihyl.  'Ilie  biofouliog  release  eoaiiop may 
cewn prise  two  cir  intwe  reactive  silicxiness  differing  in  av^erage 
HKilecuiar  weigLij,  which  may  afford  a  bimodal  comp^ition 
having  performance  advantage.^  over  a  simple  monomodal 
cNMUptusilion.. 

The  cor  H.icnsa  Lion  catalyst  may  be  any  of  those  known  lo 
be  nscitfl  EV>i‘  pnirnoting  condensalioti  curing  of  an  RTV 
material  Suitable  caialwts  include  tin,  zircontuia,  tiraniara, 
and  aluminuiTi.  compounds  as  illuslraied  by  dibutyittn 
dilaurale,  dibutyllin  diacelate,  dibutyltin  melhoxicie,  dihu- 
lylrin  bis^aceiylacelonaie),  1,3-dioxypropaneiiuni'urn  bis 
(acciylaccionaie),.  tifaiiium  naphlhK;n3ie,  letrabutyl  tiianatc, 
zirainium  «ia:noale^  and  iilaminum  acelylacctonaic.  Vari¬ 
ous  oI  organic  sicids  with  such  metals  as  lead.,  iron, 
cobalt,  manganese,  zinc,  antimony  and  bismuth  may  also  be 
employed,  For  most  purposes,  the  tin  and  titanium  com¬ 
pounds  are  pfclcrred., 

As  crcssUtiking  agents,  trifunctional  (T^  and  Iclrafunc- 
lional  (Q)  silanes  arc  usefui,  the  term  “‘funciionar  in  this 
ccmlexl  clerKHing  the  presence  of  a  silktm-oxygen  bond. 
1liey  indttde  such  comptwinds  as  mcJhylrimctboxysijane, 
melhyltrielhoxysilane,  2-eyanoelhyltriineihoxysiIane, 
mtlhyliriaceioxysilaue,  leiracihyl  silicate  ami  ictra-n-priipyl 
silicate.  The  0-funclional  compounds,  i,e„  letraaliLyl 
silkaies,  arc  oricn  preferred. 

'Ilie  coaling  may  cemtain  olhec  conslitucnts,  including 
reinforcing  and  cxlcmling  (non-rcinlbrcing)  lillcrs.  Sniiabic 
reinforcing  fillers  are  <onin«:rcially  available  In  the  form  of 
relatively  large  aggregated  particles  typically  having  an 
average  size  signlficantiy  greater  than  alwut  300  nanometers 
(run),  flju  prefcia-d  fillers  are  the  silica  tillers,  including 
lumed  sihea  and  preciptlaied  silica.  Ihasc  two  forms  of 
silica  have  surlacc  areas  in  the  ranges  of  *>0-325  and  8-150 
m“/g,  respectively. 

The  reinioreing  filler  is  most  often  pretreated  with  a 
treating  agcni  to  rcnrfcr  it  hydrophd^ic.  Typkal  ircaling 
agertls  aK'hidc  cyclic  siUamcs  such  as  cyclooctamcthylteF 
Fttsiloxaitc  cimi  acj^clic  am1  cyclic  oiganosilaxanes  such  as 
hcxanidhyldisila/anc,  l,3-ciivifiyl“l,l,3,3- 
tciramcihyldistUzane,  hexameihytcyclotrisilazane, 
ociamelhvlcvclok'tra&ilazanc,  and  mixtures  thereof  Hexam- 
cthyklisila/anc  is  ollcn  preferred. 

Non-reinforcing  lilkrs  Include  lilanium  dioxide, 
lill3<.3ponc,  /ins  o.xide,  /irconiurn  silicate,  iron  oxirkjn  cliato- 
maccoas  earth,  calcmm  carbonate,  glass  fibers  or  sphere, 
magnesium  oxide,  chromic  oxide,  zineonmin  oxide,  aluniF 
nitm  oxide,  cnishvJ  quartz,  calcined  clay,  talc,  kaolin, 
asbestos^  carbkui,  graphic,  cork,  collon  and  synthetic  fibers. 

IIjc  proporlKsUN  of  llie  constituents  of  tlte  silicone  oom- 
pkjntnl  niav  lx  vatxd  widely.  The  amount  of  filler  is 
generally  about  dIKt  parts  and  preferably  about  lO^lSO 
parts  by  weight  per  lUO  parts  of  reactive  silicone.  Cataiy^s 
and  cro^shnkcr^  arc  generally  prcscnl  in  the  amounts  of 
abDiil  OlJOl-2  5*!?  and  about  0.25-5.0^  by  weight 
rk.s}xcfiveiy,  based  on  the  comMnailoo  of  reactive  siHoone 
and  filler. 
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Rcsioraiivc  comjx>aix1s  which  may  he  itscd  in  auin-LCtu  in 
with  thSi  present  invention  include  oils  such  a.s  pidyiirg.i- 
nosfioxaiit^  polyaik^KiloxaiHs.  organic-usriipijiiblc 

siloxaacs,  poiynicl  by  ip  he  ny  Isi  loxancs, 

5  polydipheoylsiloxanes,  hydrophilic  siloxancs,  carbirndfonc- 
tionaUifoxanes,  and  related  compounds);  crude  oil  prcducts 
(e.g.,  parallin  wax,  pclrokum  waxes,  pctrolaliim,  hqiiiJ 
pafufifin,  azid  grcirscs);  and  fuls,  inls  and  waxes. 

Oii-deplcred  biolbuling  release  roalings  mav  be  restored 
lO  by  applying  the  restorituve  compound!  to  the  release  coating 
Miifacc.  Such  application  may  be  by  sneaking,  dipping, 
graying,  wiping,  lirushing,  coaling  or  oihcrwiisc  cxptisis^ 
the  costing  surface  to  the  desired  restonttivc  cornpoUiKl, 
Durii^  the  application  process,  il  is  desirable  to  maintain  the 
15  restoiradive  compound  in  conlact  with  ihc  coating  for  a 
period  of  time  sutiRckmi  to  ensure  adequate  uptake  of  Ihc 
restorative  compound  by  ihc  coaling,  ilic  optimum  peruxi 
will  vary  accortlmg  to  a  number  ot  iaciors.  including  the 
identity  and  condilton  of  Ihc  coaling,  the  idcnfily  of  Ihc 
20  resloralive  coot|wi'Und, etc.  The  hesi  annaci  liinti  period  for 
a  given  set  of  oonditions  may  be  readily  tklcrniincd  by  one 
of  ordinary  skill.  A  prderred  pcritxl  is  at  least  aboul  ID 
hours,  more  preferably  from  aboal  ID  lo  alxiur  50  hours,  arxl 
mo^  preferably  from  alxmi  24  to  about  72  hours,  Sufficicni 
25  volumes  of  restoralive  comiKiund  to  completely  cover  or 
immerse  the-  surface  of  tlie  coaling  arc  desirable^  but  nioi 
necessary.  After  treatmenl,  the  surface  may  be  wijtcd  dry,  if 
desired.  Any  excess  fc.siofativc  cont|xnmd  may  l>e  recovered 
Jrom  the  wipe  for  reuse  by  ntcans  krKwn  m  file  art- 
30  The  resiorafive  compound  useful  in  the  preseot  invention 
may  be  sold  in  ihc  form  of  a  kit,  ix.,  in  a  suitable  canlainicr 
(c.g.,  a  drum,  can,  carton,  etc.),  optioruilly  with  instruclioois 
for  use  being  preseni  in  (he  kif,  for  exatftpk  attached  lo  or 
ill  a-ssiuriation  w^iih  the  container.  Hie  kit  may  also  comprise 
35  a  container  having  a  biofmiling  release  coaling,  preferably 
compatible  with  the  restorative  compound. 

The  invention  will  be  illu.^ralcd  by  (he  iblkwing  rKJii" 
limiting  Examples. 

EXAMPLES 

1.  mEPARATlOl^  OF  BIOFOOUNO  RELEASE  CX>AT 
INC. 

An  alutninuirt  plalen  (4  i«.x:12  in.)  was  primed  by  vi^apia:^ 
the  surface  with  (he  commercially  available  primer  SS4155 
(<jE  Silicones).  Acoaiingwa.s  then  prepared  from  100  gyams 
(g>  of  a  silicone  RTV  corapessilion  (approx.  7i%  poiydim- 
cthylsiloxanc  [viscos.iiy,  3H)  ccnlipoisc],  29%  cakium 
carbonate,  and  2%  ethyl  silicate),  catalyzed  with  0.5  g 
dibutyliio  clilaurate,  and  applied  to  the  plaien  (o  a  dry  film 
thickness  of  15  mils  using  a  draw  down  blade.  The  coalir:^ 
was  allowed  to  cure  at  n5oni  temperature  Ibr  7  days. 

2.  FREPARATTOK  OF  EXTRAirTED  (AGED)  BIOFOUr,- 
ING  RELEASE  CX>AT1NG 

A  biofbuling  release  coaling  prepared  as  in  Example  i 
was  exiracied  seven  limes  In  2iX)  milliliters  (ml)  toluene 
over  a  period  of  3  days  and  dried . 

3.  PREPARATION  OF  REGENERATED  BIOFOUliNO 
RELEASE  COATING 

go  An  extracted  biofouUng  relea-se  coaiir^  prepared  as  io 
Example  2  wa.s  soaked  in  a  bath  of  apfuroximately  ml 
polydioiethyidiphenylsiloxane  oil  (number  average  molecu¬ 
lar  ^ight  [Mm]  atout  20C10)  for  3  days,  and  then  wiped  dry. 

4.  PREPARATION  OF  ADDIT1VE-ENHANCBD  BIO- 
gs  FOULING  RELEASE  COAIING 

An  ataminura  platen  primed  as  in  Example  i  wm  c«:)aie<l 
wiuh  a  biofouliog  rekase  coaling  prepared  from  lOO  g  of  a 
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siliLunc  RT\'  osmprsyilkin  (tkscnbcd  in  example  l)^  10  g 
Ii'''lysjjfiK(h)'lrt{}?b«r3ylsibxane  ol!  (Mn  about  2000),  and  0.5 
ii  JibiiEvlim  djkNr4(<;,  to  a  dry  tUm  ihl<±[iess  of  15  milsumng 
u  Jniw  cl  5Vr!i  bkde  Ibc  coaling  was  allowed  to  cure  at  icK>iii 
tcinperaiurc  for  7  days. 

5  l'KM>AKAIH3N  OF  EXTRACTED  (AGED) 
AflDillVL-LNIIAMCED  BIOFOUIJNG  RELEASE 
rOM'INCi 

A  bioFuiljiig  release  a>ating  pfe|>ared  as-  in  Example  4 
was  exlraclcd  ].n  toluene  as  descrilxyd  in  Example  2, 
b  RLOENERAI’ION  OF  A£>DmVE.^ENHANC:ED  BIO- 
i  ( )t;i  JNG  REI.EASE  CXWING 

An  extracled.  biolmiling  release  coating  was  prepared  as 
in  Example  5,  then  sevaked  in  a  bath  of  approximately  3<lD  ml 
polydimeLhyidiphenylsiloxanc  oil  (Mn  abcuit  2000)  fmr  3 
da.ys,  and  wiped,  dry. 

7,  DETERMINATION  OF  BIOFOULING  RELEASE 
RROPERTIESi 

Samples  prej^red  according  lo  each  of  the  examples  1-6 
wore  placed  i«  Ihc  Indian  River  in  Fiorkia  in  cages  until 
barnacle  sellleinent  occurred.  Tbe  barnacle  attaehmeni 
slrenglh  wa.s  i:nejisurc-d  on  two  identically  prepared  panels 
for  each  surface  aialmg,  according  to  ibc  barnacle  adbcsiDii 
lest  metlKxl  a^i  descril>ed  below.  Results  are  shown  in  Tabic 

I.  Hie  data  imticate  that  the  enhanced  biofooling  release 
properties  of  an  oiMepkted  sample  ts  resOored  by  exposure 
lo  a  new  additive-  source- 

Biofouiing  release  properties  were  quantitated  by  a  stan¬ 
dard  barnacle  adhesion  test.  Iliis  Icsl  measures  the  force 
required  to*  remove  barnacles  from  a  surface  and  provides 
data  that  can  be  used  to  compare  the  ability  of  surfaces  to 
reduce  biofouling  (bariMck)  adhesion  under  field  conditions 
as  desciibed  in  Example  7.  This  lest  was  apprtived  jls  an 
as™  standard  ia  1994  {ASI'M  D561R„  IW). 

live  barnacks  selecled  for  testing  were  lielwecn  5  and  20 
millimeters  (mm)  diameler  at  the  base  adhering  to  the 
surface  to  be  tesied,  ‘Hieir  species  and  condition  were  noted. 
Barnacles  were  preferabiy  aJ  least  20  tnin  from  the  edge  of 
ihe  lest  sidisirale  panel,  atsached  to  undamaged  areas  of  the 
test  surl'ace,  and  not  in  direct  contact  with  tuber  barnacles. 
Die  barnacle  base  was  measured  with  calipers  in  four 
diieclitits  (0, 45, 90, 155  degrees)  to  d^iiaio  an  average  base 
diameter,  taking  care  itoi  to  disloc%c  the  barnacle.  The 
barnack  base  plate  area.  A,  was  then  estimated  using  the 
average  base  diamclcr,  d^,  according  lo  the  ibmrnila 

A  sitear  furcu  was  then  applied  lo  the  bamaelc  base,  parallel 
tu  iIk  Icsl  mg  suiGkc  u-sing  ahand-held  Shimpo  mechanical 
dial  torcG  gaii,gc  (raLigC“0-S9  H  (0-2B  lb);  accuracy“±0.3%; 
rusolulioa-*0  4SN  ((J 1  lh>)  at  a  rate  of  appiuxiinately  4.15N 
(1.0  s"*)!  until  the  bsmactc  lxx:amc  cklachcd  or  the 

maxurnirn  shear  lorce  was  reached  llie  force  (F)  ruqitiied 
lor  dclachmcnl  was  nolcd  It  more  than  10^  of  the  barnacle 
b^M’  plalc  wdN  left  alUtlK'd  lo  the  suh^traCc,  ihc  test  was 
deemed  \  Old  Minx  ma^mplcic  removal  of  the  baraaclebase- 
pklc  Irom  Ur;  vurfact  during  testing  may  lead  to  erforteous 
jdhesuiu  values  The  sifertgth  of  adhesti»o,  x,  was  then 
calculalcd  accorduig  to  the  lormula 

T=t7A. 
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Whenever  jxissdalc,  a  fninirnum  of  ten  mcasuremcnis  were 
made  per  coating. 


1ABU^  1 


Es&mpie 

1  \^1jks 

Bmmdc  Adliesion 

Ex.  ] ;  ideaie  emUsg  nianiifsictuicd 

fianel  1  13,95  =».*“  4.27' 

wllhcwi  u^tpeisiiiop  f>f  additives 

panel  2  14Jj7  4.i}l 

Ex.  2;  niaDtifaetured 

panel  1  12.53  3..3e 

wlihixii  tnc^cponiiou  of  addiiitve.-; 
(exuaagd) 

r/rtiitl  3  IfiAH  .lir;. 

Ex.  3:  telsme  fmiisjg  nmiiufaetuied 

panel  1  2.24 

iiritttixil  ino&ipoBdicn  af  additivesi 
(festixed.) 

panel  2  7.75  6J9 

Ex.  4;  xelessc  niamifacturcU 

panel  1  i-J-  2J'j 

wsih  iKsiparatkin  of  a<kisiives 

{mild  2  U.29  i-h  l>.24 

Em,  S'; 

imuel  1  14.V6  •+/-  .e'?e 

with  iite^veptetTAtioa  of  fpiditlviA 
(oxtrstcucd) 

jsanel  2  *i- 

Ex.  6;  i'elcasc  cc»iijtg  iiisifuditctoicil 

(mnci  :i  iO.Ui  -*■/-  4.,2.'J 

WElh  iiKflTporfitkm  of 
{R@tof«d) 

(mod  2  9.9%  4-/- 

Hie  lesis  provide  data  IW  surfaces  that  Inivc  licen  coaled 
^  with  a  biofouJing  release  toaiing  manufaeUired  with  or 
wilhowi  an  adcUiive  to  increase  tlw  release  properties  of  fhe 
coaling  (examples  1  and  4),  and  those  fwunc  coaled  surl'uccs 
alter  an  oil  depletion  Ircalmcnl  (examples  2  and  5),  and  after 
^  -suhsequenl  resioraiion  with  the  Inveoilve  imellwxl  (exampks 
3  and  6), 

ITic  data  coniirm  that  experimental  oiWepklion  wl;  bio- 
fouling  release  coalings  manufactured  with  oil  reduces  the 
35-  eOecuveness  of  the  release  coaling  (comp.a:.rB  example.s-  4- 
and  5),  as  docs  the  oil-depleliOKi  known  to  occu  r  wii  li  aging;, 
Coalings  lacking  the  additive  were  unaffected  by  the  simu¬ 
lated  aging,  as  expected  (tx)mpare  examples  1  and  2). 

4‘;i  Use  of  the  inveaiive  meihcKl  for  restoiiisg  en.bfluiced 
hioloulmg  release  properties  to  such  a  coaling  decreases  the 
amount  of  force  needed  lo  remove  the  ba  macks,  evidenciog 
a  resioraiion  of  ihc  enhanced  release  projtertics  (ccmipare 
examples  5  and  6).  Tlic  inventive  meihcKl  also  improves  the 
biolbuiing  release  propcrlics  of  coalings  not  originally 
manufaciured  with  oIN  (compare  exarrrpks  1  am!  2  wish 
example  3).  llic  results  in  Table  1  demosistraie  dearly  that 
intact  i^licoric  biofouling  release  coalings  arc  capable  t?f 
SO  capturing  or  recapturing  additives  applied  lo  sheif  surfac&s, 
and  acquirii^  or  reacquiring  the  enhanced  biolbuling  re  lease 
properlks  those  additives  imparl. 

What  is.  ciaimed  is; 

1.  A  raethml  of  introducing  enhanced  biofouling  release 
properties  lo  an  inlacl,  oil-depleted  biolbuling  release 
coating,  w'hich  method  comprises  es[>osing  the  surface  of 
the  biofouling  release  coating  k>  a  rcsforatri'c  comjxyund  Ibr 

gg  a  time  sufficient  to  effect  eohancemenl  of  biofouling  release 
pio|K:rtks,  wherein  the  restorative  coinpnund  is  sE:lcctcd 
from  die  group  consisting  of  silicone  oil,  a  hydrwarbon  oil, 
a  grease,  a  wax,  and  combinations  thereof. 

2.  The  melhod  of  claim  1,  wherein  the  biofouling  release 
es  (xrating  comprises  a  sihcanc-bascd  polyuncr. 

3.  Tl»  method  of  claim  2,  wherein  the  pol  ymei  comprises 
a  ^lydialkyfelloxane. 
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4.  TIig  mclhod  of  cksm  wherein  the  polydialkylsilos- 

ane  has  Ihc  fonnnla; 


wi>erein  each  R’  is  a  hydroxyl  radical  or 

- Q - S|: - <0'R.‘')3,a. 


(D) 


8 

of  ssid  (x»iii|K}QJid  onefcr  ambiciil  tciripcratiirc:  aotl  pressure 
oonditioDs  m  up  to  abou  t  ccniipoisc. 

5.  AmcdKxi  according  lo  claim  wherein  the  resloralive 
compouitd  k  sitioona  oil. 

6.  Aineihod  according  to  claim  5,  wherein  the  siticeme  ail 
is  a  polymelhylphenylsiloxane  oil. 

7-  A  method  according  to  claim  U  wiKircin  the  lime  of 
expo^rc  IS  at  kasi  aboui  10  hours, 
lO  8.  A  method  acairding  to  claim  7,  wherein  the  lime  of 
is  from  about  10  in  abmil  90  kiurs. 

9.  A  method  accortling  to  claim  8*  wherein  the  lime  of 
ejqpi^iire  Is  from  aixml  24  lu  alxnii  72  iMiirs 

10.  Arneihod  accortling  to  claim  1,  wherein  the  bbibulis^ 
rekase  coaling  was  maciuUcturcd  wuhoui  cuh^mckig  addi- 
missk. 


1 1 .  A  incttKid  acewding  to  claim  I,  wherein  the  bioi'ou  ling 
each  K”  is  intleEXjnctemiy  a  hydrocartioa  or  fluorinaied  release  coatingwasmanufaciurcd  with  enhancing  addiNvcv 
hych:tx,-art>aci  radical*  each  1^^  and  11“*  k  a  hydrocarbon 

fadicjl,  a  is  (I  or  1,  and  m  has  a  value  such  ihal  ihe  viscosity  *  »  »  »  * 
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CUIABLE  SILICONE  TOOL  RELEASE 
COATINGS  ANI>  ARTICLES 

This  invention  was  made  with  government  sup^it  Dinler 
runEf4CiNo.NrM)l)l  4-%-<:-Ol4SawarikdbyDARPA/riie  J 
govenimtirtl  may  have  certain  rights  in  the  Invention. 

BACK(^jR(>LIND  OF  IHE  INVENTION 


2 

Coiii[Knicnl  Aofthc  composkilions  of  the  inventusn  niav  lie 
a  conventkiiial  onc-parl  or  Iwo-parl  R'fV  compi  isiluni;  il  is 
mosi  often  a  lwo*part  composilioTH.  Il  lYpically  comprises  at 
Least  oi!^  reactive  siliconc^al  Icasi  one  condensjtiusn  cauly^L 
and  at  least  one  cftmlinMtg  agem- 
The  ictclive  Silicone  Kmieit  often  a  |To])dia1kyKiliixaiie, 
typk^lly  o£  the  formula 


Ihja  invention  relates  to  loul  rele^^e  coatings  and  aiticl.es 
ousiled  iherewilh,  Morw  parlkiilarly,  this  invention  relates  to  lO 
fou  l  release  citaiiiigs  containing  organic  compatible  oik  that 
have  Lu^haiiccd  foul  fcLa.se  perfoimance. 


Aperetmial  maior  aggravation  to  shippers  and  isere  of 
inariiK  ec^u^jmeot  in  coQtaci  with  water  k  the  tendency  of 
such  equipment  to  become  encnisled  with  varieties  of 
wildliiCr  as  ilUislralcd  by  barnacles  and  zebra  mussels.  This 
lencleney  k  often  referred  to  as  marine  fouling. 

V.S,  Pal,  No.  4^861,670  descrites  in  considerabk  detail 
tbs  lyiMjs  of  irealments  that  have  been  employed,  sUriing  as 
early  as  1854,  to  mtnimke  marine  fouling.  Treatment  mate¬ 
rials  have  inchided  arnipounds  of  such  metals  as  copper,  tin, 
arsenic,  mercury,  -rinc,  lead,  amimony,  silver  and  iron,  as 
well  its  toxic  organk:  materials  such  as  strychnine  and 
airq?inc,  Due  lo  cnvironmcnial  concerns,  the  use  of  .such 
maleii.als  has  been  discouraged. 

Mure  rccenlly,  pirlyurganueiiloxanes  (hereinafter  some* 
limes  tlesigiMiled  ’’silicvnes’'  for  brevUy)  have  been  found 
useful  as  anliTouling  coalings  They  im-dude  amdensaiion 
cured  HMtm  rempwraturw  vulcam^^bk  (hereinafter  some- 
iimcs  "Rn-"’)  compcftviiions  comprising  silica  or  calcium 
carbonaic  as  a  lllkr  in  combtoalion  with  silanol-  or 
dklkoxy-lenoijjtaiecl  .silkones,  catalysts  and  crosslinking 
agjsnls.  They  may  be  made  sprayable  by  dilution  with 
solvents,  typically  volatile  organic  compounds  such  a.s 
h.ytln»ca.rboos, 

Ibere  is  still  a  ruiod,  Iwwever,  to  improv'c  various  prop¬ 
erties  of  RTV-biiscd  foul  release  coalings,  particularly  their 
rekasC' clTidcncy  ami  their  effective  lifciimc. 


each  ft’  is  imkpemlently  a  hydrejcarliKui  or  llutjrioialed 
hydrocarbon  radical,  each  R^and  R'^'is  a  hydrocarbon  radical, 
25  a  is  0  or  1  and  m  has  a  value  such  ibal  the  viscosity  of  said 
reactive  silicone  under  ambient  leinperalure  and  pres^re 
amditioas  is  up  to  about  centipoisc.  Illusiraiivc 

hydrocarbon  radicals  are  CI-20  alkyl,  Cb-2i)  aryl  aod 
alkaryl,  vinyl,  isopro|x:nyl,  allyl,  butcnyl  ami  hexcnyl,  with 
30  Cl-4  alkyl  and  especially  methyl  being  preferred.  An  allus- 
trativc  Huorinated  hydrocarbon  radical  is  3,3,3- 
trilluoro[H'iq)y!,  Most  often,  each  and  R**  h  alkyl  ami 
preferably  methyl. 

It  is  within  the  scope  of  the  invenlion  io  eoiploy  two  or 
35  more  reactive  .silicones,  differing  in  ave.rage'  m.okcu]ar 
w^eighi.  lliis  may  afford  a  bimodal  ci>ni.p08iS:ion  havir^ 
jieribnnaijce  advaniages  wer  a  simpL  |■nD^l.omodal  compo¬ 
sition. 

1lic  condensation  catalyst  may  be  any  of  lliose  known  to 


SOMMAEY  OF  TUB  INVENTION  ^  u?«f»d  Ibr  promoting  condensation  curing  of  an  RTV 

material- Suitable  catalysis  include  tin,  zirctinuim  and  lita- 
fhe  present  invention  satisfies  this  need  by  the  discovery  nium  compounds  as  illusiraled  by  dibulyltin  dikurate,  dabii- 
Ihal  the  add^mn  t.i  !^hc>lly  cfcliiKrf  orftMic  C(.mp^  diicelale,  dibatyltia  nielboside.  dibiitylliti  bis 

ink  to  a  coiivcntienal  RIV  fotmuliiUon  itnprm-cs  foul  (acetylacetonate),  1,3  -dio5iVpios>sn«tiUni»m  bis 

telose  proiBrlKS,  It  includes  M  rekase  coalings  having  (scelylucctomie),  lilanium  naphlbeMle,.  lelraluHjrt  lilanaie 

said  iniprovtid  properties  and  arlides  coated  with  said  and  tdrcomuin  ocanoate- Various  sails  of  organic  acids  with 
im(U"Ovcd  Ibul  release  coalings.  metafs  as  lead,  iron,  cobail,  manganese,  ainc,  antimony 

In  one  of  iis  asfKCl-sthe  invention  is  directed  lo  conden-  and  bismuth  may  also  be  employed,  as  may  iioa-BKlallic 
sation  curable  coating  emnpositions  comprisins  the  follow-  catalysis  such  as  te!cyhmmotiiHm  acetate  and  benzyllrim- 
ing  and  any  reaction  products  thereof:  jr,  etliylaininoniuni  acsCale.  For  mosl  puriuxsvi,,  the  tin  aod 


(A)  a  tine-  or  iwo-pairt  rmum  temperature  vulcankable 
polyorganosiloxanc  composition,  and 
(II)  a  mannt  Jcml  release -cnhant’ingproporlkin  of  at  least 
one  oj^anic  conipatiblc  sihccaic  Iluid  free  from  jylauol 
groiii>s  rind  being  tjjpdbk  ol'bk>otiiii!g  lo  ll»  surfaa^  of 
tlic  curul  prokluct  of  compooem  A. 

Anolhir  xspcci  of  the  invention  is  articles  oomprisii:^  a 
marine  slructune  coaled  with  an  anti-foulirag  coating,  which 
IS  the  amileuvAliun  i..ured  reaction  product  of  ihe  coiupc^- 
lion  tklloied  hereiualxjve. 

I3L1AIILU  nLS(  RIFIION 
llik  word  ‘cumpom'ul’' IS  frcijucatly  employed  hcreiEi  for 


rilanium  cmiiiiioucids  are  prefurri.41 

crasslinkiog  agents,  irifuntuiooal  ('T)  and  telrafuoc* 
tion.al  (Q)  silanes  arc  usclul,  the  term  ’-tunctional  ’  in  this 
cemlext  dciKiiing  the?  presence  of  a  silicon-oxygen  bond, 
Hiey  include  such  compounds  as  mcthylinmvtljuxvsiJaiie, 
methyltrielhoxysiUoe,  l-cyaooeihyltrimethoxysiUoe, 
raeffiyliriaoctoxystUae,  teir^ihyl  silicate  aiicJ  tetra-n-prq^yl 
silicate.  The  0-lun.clional  compounds^  i.c.,  icliaalkyl 
silicates,  arc  often  preferred. 

Com|K>iieTtl  A  may  contain  other  conslitueols,  indudis'^ 
reinforcing  and  exte[iding(no[ii-rdnlu!'ci[i^ji  liilerb.  Smkble 
reinforcing  fillets  have  a  primary  particle  si7c  of  about  10 
nin  and  are  available  in  llte  form  of  aggregated  partiek's  of 


brt'Viiv  to  di,  signak  the  materials  present  in  Ihc  c^Miposi-  about  iOOto  about  250 nm.  'fhe  preferred  fillers  are  the  silica 
liiMis  ol  the  jnvmliOFi  [!>  use  rs  imkpcmkpl  of  tte  ^sstble  65  fillets,  iueluding  fumed  silica  and  prcdpiiatcd  silica  Tlicsc 
mietrepictjon  of  said  materuls  to  fom  other  chemical  coo-  two  forms  of  silica  have  surface  areas  in  the  idog^s  uf 
sijiuenis.  90-S25  and  8~l50  nr/g,  respectivtlv- 
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Tlic  icinibrcing  fiikr  is  most  often  preiTcalcd  with  a 
truoling  agcnl  lo  rcnifer  it  hydrophc^ic.  Typical  treating 
agynts  include  cvchg  sihcones  such  as  cyclooclametliyltet' 
rasiliixaiK;  and  acyclic  aiid  cyclic  organcKibzanes  sucit  as 

sHiJa/anc,  Itcxamcilivkyclotrisilazane,  oGiatoethylcydotet- 
f&.sklazany  and  mixtures  of  these.  Hexsimethyldlb’ilazaiie  is 
ofteo  preferi’ed. 

Noii^reiuforcing  Iilkrs  include  litaniiim  dioside, 
iilhoputiic,.  ?4nc  oxhIc,  drcunium  silicate,  itOA  oxid^  cKuto- 
ittaceous  earlli,  calcium  carbonate,  glass  or  ^beies, 
magnesium  oxide,  ebrtimic  oxide,  ii^irconmin  oxide,  alutni- 
luwn  oxide,  cnislicd  quartz,  calcined  clay,  tak,  k^rlin, 
asbcsl as,  carbon,  gritphilc,cofk,  cotton  and  synthetic  fiteis. 

'Ilu;  pmpoflioiis  ai  tin.  cfnijAituenls  ofcomponent  Amay 
be  varied  widely.  Itie  amoiini  of  filler  is  generally  about 
5“2fllt|uris  4itd  prefer dibjyab<mi  l(i“]5(>paits by  weightier 
1 W3  parts  of  reactive  silicone.  Catalysts  and  cro^ilinkeiES  are 
generally  presem  in  the  amoums  of  about  0.0[H-2-5%  and 
alK>u!  Cf.25'~5.1l%  by  weight  respectively,  based  on  the  cc5m« 
binaiKin  of  reactive  silicone  and  filler. 

C'urnjMiiieni  It  is  an  organic  couipalible  siliciinc  fluid.  /\ii 
organic  coinpalible  silicone  fluid  h  an  oigaiiosiloxaiK  fluid 
that  has  imparted  oiganic  character  from  inewpO'rated  alkyl 
grouj>s  iir  arutnalk'  .subslituted  alkyl  (aryi^alkyl  and  aryioxy- 
alkyl)  gfmips.  Preferably,  the  organic  compatible  siliame 
fluid  comprises  alnoul  2  to  IflO  mok  %  higher  alkyl 
(€76-C2fl)  or  subslilutcd  aryl-alky!  radicals.  More 
preferably,  the  organic  compatible  Mlicone  fluid  comprises 
about  10  jO‘  70  mote  %  higher  alkyl  (C0-C’20)  or  substituted 
aryd-alkyi  radicals.  ‘Ute  oiganic  compatible  silictme  flnids 
suitable;  in  the  present  invention  arc  IVcc  from  silanol  groups 
and  arc  characlcrizcd  by  pour  points  In  the  range  from  alx>ui 
-6(r  tl  I'O  about  liiiO®  C«,  pteferably  fttini  a!?oui  -5(i®  (.1  to 
atoui  30*  C,  and  most  preferably  from  about  -50*  C.  to 
alxKkii  0°  C.  These  fluids  exhibil  an  extended  range  of  organic 
compalibility  and  lubricjiy. 

Examjdes  of  organic  compatible  silicone  fluids  include 
alkylmeihylsiloxane  hotnopolymers  such  as 
polyociylmcibylsltoxane,  polyictradecylincihylsiloxatic  and 
polyoctyidecyimeihylsiloxane;  alkylmethylsiloxaue/ 
arylraelhylsiloxane  copolymers  such  as 
cthylmethylsiloxane/2-phenyipropylmcthylsiloxai:ie 
copoly  m  cr,  hcxylmcl  hy Isi  loxa  nc  / 

p he ny  Ipropylin c  Ihy  Isiloxanc  copolymer, 
decylmcihylsiJoKartc/butylaied  aryloxypropylmeihylsitox- 
aiie  copolymer  and  dodecyliMethylsiloxanc/2' 
phenylpropylinelhylsiloxane  copolymer; 
alkylincthylstloxaiic'dimcthylsiloxane  copolymciB  such  as 
ociadccylmcthylsdoxane/ditnethylBiloxane  copolymer  and 
irickcosiiylmclhylsjloxanc/dimclhyhflfoxane  copolymci;  and 
dia]ky]''iloxgnc  homopolyuiCEs  sudi  as  dkyclopeaiykilox- 
ane  polymer. 

One  class  id  illusirjitive  organic  cofnputibk  silicone  fluids 
IS  iJtsclo*<’d  in  U  S.  Pal.  No.  4,€K15,023+  which  is  incorpo¬ 
rated  herein  by  reference.  SoniG  of  tht^  fluids  arc  included 
m  ihe  lullowing  iormala  lhal  represents  suitable  linear  and 
tioahfltar  polvmers  aoci  copolymers; 

im 


h  K 

wttere  li  varies  froin  1  to  S<KK)  and  R*  k  selectefl  from  the 
class  coo-sisiing  of  anomwaknt  hydKKtrbon  radlcak,  halo- 


4 

genated  monovaknl  hydrocariion  radicals,  misnuvnknl 
alkoxyalkyl  and  montwaknl  aryloxyalkyl  radicals  and  the 
visoosiiy  of  the  fluid  varies  Iroin  2d  to  4(itKt  a  nlLstnkts  at 
25°  C  lit  the  presciil  inveaUoii.  lUe  rtidicals  ofi  the 
5  polyraercanbethesame  or  different  Prcferahivcach  radical 
is  selected  from  lower  alkyl  radicals  of  1  to  20  carbon  atom.'?, 
sidsstitiited  alkyl  radicals  of  6  to  20  carbon  alorns  and 
a^loxyalkyl  radicals  of  7  to  50  carbon  atoms. 

Ilhistmiive  organic  aintpalihle  silicoire  fluiuK  arc  av.iil- 
lO  able  from  Gulesl,  Inc.,  uimter  die  ir.idc  dcsigctaiioits  AFT. 
One  illustration  of  such  a  ccimixmnJ  is  An25],  y^hich  is  a 
dccylmcthyLsiloxaae^iitilylalcd  afyioxypropylinclhv'kilos- 
ane  copolymer  with  a  pour  point  of  —51  ®  C.  and  a  viscosity 
of  40-60  centipai.se. 

15  Compoflenl  B  is  preseni  k  the  c-ompo-silions  of  flic 
im^ention  in  an  effective  proportion  to  enhance  foul  rdcase 
properties.  For  the  most  part,  about  5  "20  parts  by  weight  pc/ 
100  parts  of  componcni  A  is  adequate. 

A  ificftibcf  of  a  niixtetft:  that  forms  a  Ihiri  coaltng  will 
20  .vameiirnes  migrate  to  ihe  sairface  of  ihe  coating  iMx'au^e  of 
its  incompalibilily  wtlh  anoliier  member  uf  sht  iruMmi.  ITits 
phenmnena  is  called  ‘"blooming.”  The  e.ssemlal  property  uF 
compoironl  R  is  that  of  blooming  the  surface  ol  the  cured 
product  of  component  Aduring  or  after  the  cunng  process, 
25  by  reason  of  its  incompaiibiJiiy  with  component  A, 

Tile  compositions  of  this  invention  mav  also  incorporate 
frirlhcf  constituents  such  a.s  non-reactive  siJicojm;  oils,  dyes, 
.solubilizing  agents  and  solvents  to  rendei’  them  sprayabk  if' 
sprayabiliiy  is  dc»irabte.  ‘Otesc  may  be  introduced  as.  pa.d:  of 
30  com^xmcnl  A  or  as  at^uvanus  to  the  entire  ainiposiikm,  as 
ajijiropriate. 

The  marine  sirutiurc  in  the  aitldcs  of  the  hwcriitioii  is 
often  a  sFiip’s  hull.  Howovcf.  any  steuct.uite  that  iS'  in. 
a  marine  environment  and  is  SMbjjeot  lo  fmiling  can  lue  She 
35  marine  slrucflirc  of  flic  invention,  Sudii  nMi'iiK  sifudnies 
include,  for  example,  liquid  coUeciliig  and  discharge  pipas, 
dr>' dock  equipment  and  the  like.Suiiabk:  materiak  for  such 
structures  include  metals  such  as  iron  and  aluminum  aixJ 
resinous  materials  such  as  libcr-fcinfarccd.  tlterinoplasiiC'  or 
4*;*  tberniKvsel  resm. 

Application  of  the  compositions  of  the  inveiui^m  is  lypi-* 
cally  preceded  by  the  application  of  conventional  prcircat- 
meni  layers.  These  may  indtitk,  forexampk,  attii-corrasivc 
epoxy  primers,  mist  coats  and  ti«^-]j?yers  comprising  poly- 
*♦5  orgaiiosikixanes  and  toughctiing  eom|Mi(0cnis.  ITie  aimipo- 
sitions  of  tlic  inveniion  may  be  applied  by  conventional 
techniques  such  as  brutdiiag  or  drawing  down,  or  by  spray¬ 
ing  if  they  are  ^itably  diluted. 

Solvent  can  lie  mixed  into  the  composition  of  the  inven- 
lion  lo  prepare  the  composition  for  application  to  a  marine 
structure.  Suiiabk  solvents  for  spray  apfilicalkins  include 
atomaiic  hycfrocarixms  such  as  loluene  or  .xyki>e  and  ali¬ 
phatic  hydrocarbons  such  as|)ciro!cum  uaphifia, 

The  mvention  is  illustrated  by  the  following  exampKs  Ail 
parts  and  percentages  in  the  examples  are  by  weight. 

EXAMPLE  1 

A  condeesaiioa  curable  RTV  coaip<,isiiion  was  prepared 
go  by  blending  the  following  ctmsliliienls  io  the  aniounls  indi¬ 
cated; 

Part  I; 

'Jbe  following  were  combined  as  part  1:  silynol-siuppcJ 
polydimethylsiloxane,  viscosity  3(),fK>0  ceniip^vise — MM) 
parts;  oon-reactive  potydimcihyhiluxaiic  oil,  vLsc’Osily  2ti 
i^ntipolse — MS  pans;  n-propyl  silicate — 12-1.5  pans; 
fumed  siliat,  bjxameihyldlsilazafte-ireaied— 37  partis 
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Pin  II 

Dii’iiilyiun  iiibiiralu  w-as  addsJtl  part  H, 
llie  Wo  parts  vi/circ  combined  in  proporlioBS  siicb  that  the 
dtboiviiir  dilaurate  vviis  present  in  the  amauBl  of  2.43  parts 
per  Illf)'  flirts  of  the  silanobstopped  polydimelhylsilo^yme.  5 
lo  the  resulting  ETV  <«mp<^ilioD  was  added  10% 
weight,  based  on  tin;  Rl'V  eomposiiion,  of  an  organic 
ciHiipalibk  silicofte  fltiul,  which  was  a  polydllmefhylsilOMne 
having  47  inok  decyl  groups  and  2  mole  %  buiylaied 
aryloxypropyl  grouj^s  and  a  viscosity  of  40-t50  centipofee,  lO 
'the  composiHoii  thus  prepared  was  applied  by  spray 
coaimgs  k>  sled  paneb  which  had  been  previously  coated 
with  Si  cxifEimercially  available  epoxy  anti-corrosion  coating,, 
mist  coat  aiKl  tie-4ycr.  Ilie  test,  panels  were  expostKl  to 
wate-r  for  7  months,  after  w'hich  time  ihe  barnacle  adhes^ion  i$ 
strength  was  incasiired  in  accordance  with  ASTMD  56tS. 
The  barnack  adhesion  value  was  5.1  |»i  where  the  control 
value  was  10.9  psi.. 


EXAMPLE  2 

An  RTV  composition  was  prepared  by  blending  (Pan  I) 
70  pans  of  a  silarkol-tefininated  |>olydimeihylsiloxaiitf;  hav¬ 
ing  a  viscosity  of  3,100  ccntipoisc,  c-alcium  carbonate  and  2 
parts  tetraethyl  silicate  and  (Part  H)  0.5  part  of  dibulyliin 
dilaurale,  An  organic  compatible  silicone  fluid  was  added  in 
the  amoum  of  10%  based  on  R'FV  compcsiiion,  The  oi^aaie 
compalible  silicone  fluid  wasa  polydimelhykiloxane  having 
47  mck  %  dccyl  groups  and  2  mole  %  butylated  aryiox- 
ypropy!  groujKS  and  a  vistx^aty  of  40-60  ceniifKiLse. 

Steel  test  panels  similar  to  those  of  Example  1.  were 
coaled  with  an  anticorrosion  coating,  primed  with  a  com¬ 
mercially  available  primer  and  then  spray  coated  with  the 
compcMsilion  of  Exainpk  2.  ITic  lest  panels  were  then 
submerged  in  a  salt  water  lagoon  in  Florida  in  cages  for 
scvcni  monihs.,  At  ihc  end  of  the  test  pcrknl,  barnacle 
adlicdort,,  as  mined  by  AS'l'M  lest  pfocediire  13561I:!,  for 
iItc  panels  coated  with  the  producl  of  Examples  2  were  5.9 
psi,  AooiiJfol  pan-el  coaled  wilh  Ibe  Rl'V  composition  only 
had  a.  iTsirnack  adhesion  of  1,0.35  psi. 

Whal  is  claimed  is: 

1,  AmiiiJensatton  curable  coding  composition  compris¬ 
ing  t.he  followi,ng  am,l  any  reaction  product  thereof: 

(A)  it  rmm  leinperature  vukaitizable  iKtlyorganosiloxane 
comiposiiion;  and 

(B)  a  ma  rine  foul  release-enhancing  proportion  of  at  least 
one  cai^anic  compatible  silicone  fluid  free  from  .'uknol 
group!!,  and  cii:i3Tipri.sing polymers  and  copolymers  of  the 
Ibrmtila: 


<nrj 


where  11  varu:xS  from  i  to  8000  and  is  the  siame  or 
dilleicnl  aiiKi  is  alkyL  halogcnatcd  alkyL  alkoxyalkyl, 
jtryluxvalkyl  or  arumaik  substituted  alkyl  and  being  m 
wapriMe  of  Mourning  to  the  surface  of  a  cured  product 
of  enmpcctent  A,. 

2  A  composihon  according  to  claim  L  w^herein  ©QropO' 
nent  A  cnmpnses  at  Ica^vi  one  reactive  silicone,  at  least  one 
i-oiRlerisaiion  >>.ala]ysi  and  at  least  one  cio^tnking  agent.  6S 

3  A  c^unposuio-u  according  10  claim  1,  wherem  the 
idgank  cumpatibk  siliourto  fluid  ssselecicd  from  the  group 


6 

cxifisi&ling  of  an  alfcylraclhykiloxanc  homopcdynicri  an 
alkylmethyisiloxanc/dimclhylsiloxanc  t:o|x>lymer  and  a 
diid^'laloxane  horac^polymer. 

4-  A  ocanptxsiiion  according  lo  claim  1,  wherein  the 
o:^aiBC  compalibk  siUcone  fluk!  ha.s  a  vi.scosjty 


— I'SfaTr'Si — 


where  from  40  to  4(KK3  csintktokes  at  25'^'  C. 

5.  A  composition  si^ording  lo  claim  4,,  wherein  is 
scltaiJlcd  froin  lower  alkyl  radicals  of  j.  to  20carbLm  aUmiis, 
hafogcnalcd  alkyl  radicals  of  6  to  20  carbon  atoms,  alkoxy- 
aikyl  radicals  of  6  lo  20  carbon  atoms  and  aryloxyalkyl 
radicals  of  7  to  50  carbon  atoms. 

6.  A  ocunposition  according  to  ckim  I,  wherein  the 
organic  coropaiililc  siliamc  fluid  cumprLscs  about  2  to  HX) 
mole  %  C.  radkaLs. 

7.  A  composition  acorrdiog  to  claim  1,  wherein  the 
organic  aimpaiilile  suliainic  fluiil  cumprLses  about  10  to  70 
mole  %  io^lkyl  radkaLs. 

8.  A  composition  according  to  claim  I,  wtterein  the 
organic  oompaUbk  silicone  fluid  is  charactcri2ed  by  a  potir 
|Hunl  in  tlic  range  about  -tiO®  C.  to  alxiul  Sf)®  (I!*. 

9-  A  composition  according  to  claim  I,  wherein  Ihc 
organic  ooinpatililc  saliconc  fluid  is  characterized  by  a  pcJiii 
point  in  the  range  from  al^oul  -50®  C.  to  aboiit  30*  C 

Ifl.  A  c<mipo.silion  according  to  claim  I,  wherein  Ihc 
organic  compatible  silicone  fluid  b  characierized  by  a  pour 
point  in  die  range  from  about  -SO*  C.  to  about  (f  C, 

11.  A  coQiposiiion  according  to  claim  10  wliereio  Ihe 
reactive  silicone  is  a  p<flydialkylsiloxaiie  having  the  for¬ 
mula: 


R- 


R* 


CD 


wherein  each  II*  is  a  hydroxyl  radicHl  or 


‘O — Si - (OR'ja-, 

(R^). 


(to 


wherein  each  R“  is  iiiclepefM,kni!y  a  hycJrocarlxin  or  fluori- 
Dated  hydrocarbon  radical,  each  and  iC  is  a  hydrocarbon 
radical,  a  is  0  or  1  and  m  has  a  value  such  that  the  viscohiity 
of  said  reactive  ailicoi^  under  ambient  temperaiure  and 
pressure  ctmditions  is  up  to  about  6,CXXt  ceiiiipoise, 

12.  Acomposilion  according  to  claim  il  wherein  each  R* 
is  methyl. 

13. Acompasitkin  a.cjc«rdaigto€lai!n  12  whercin  each  R  ’ 
is  hydroxyl 

14.  A  coffiposilion  a.ccording  to  claim  12  wherein  each 
is  structure  II. 

15.  A  composition  according  to  claim  11  wherein  Ihe 
exmdensation  catalyst  is  a  lin^  zirconium  or  tilaniiira  com¬ 
pound, 

15.  A  composition  according  to  claim  II.  wherein  the 
cr^linking  agent  isa  irifuncikma]  ur  lelrafynciionial 


O.A-15 


US  6,180,249  B1 


7 


8 


17  A  coinposilinr  at  curding  lo  claim  16  wl^rcin  the 
trns-^linking  agenl  is  a  tcLraalkyl  silicate, 

18.  An  artick  comprising  a  marine  slracture  coat<^wiih 
an  anti-fnijting  coaling  which  is  the  condeimtiem  cured 
reaction  prrduci  of  a  coridensatkitt  curahk  coating  coinfo- 
siiion  cunipri.sing  ibc  followifug  and  any  reaction  product 
Ihcfcol:: 

(A)  a  rt>om  Icinperalure  vtikanizabk  polyorgaiic^oxane 
composition:  and 

(B)  a  manne  toul.  rckaivc-cuhaBciiig  proportion  of  at  least 
oiie  organic  compalibk  silicone  fluid  £f^  frOA)  ^luiol 
groiijis  and  coiTipri.sing|5olymcrs  and  copoiymcis  of  the 
formula: 


cut) 


where  11  varies  from  i  to  8000  and  R’  is  the  same  or 
ditiei'cii!  itoii.1  is  alkyti  Italogenaied  alkyk  aUcoxyalkyt, 
aryfoxyalkyl  or  aromatic  substituted  alkyl  and  being 
capable  oF  bbotning  to  the  surface  of  a  cured  product 
of  competent  A. 

19,  An  arlick;  according  to  claim  18,  wherein  the  organic 
compaliblc  silicone  fluid  comprises  about  2  lo  I(K>  mole  % 
radicals, 

2fl.  An  artick  atxxirding  to  claim  IK,  wherein  the  organic 
(XHipsatible  silicooe  fluid  comprises  about  10  to  70  mole  % 
€«i„.2ftialk.yl  radicals. 

21.  All  artick  according  to  daiin  18,  wherein  the  o^anic 
compatible  silicone  ifuid  is  selected  from  the  group  consist* 
ing  of  an  alkylmethylsiioxane  homopolymer,  an 
alkylnielhyklioxane/dimeihylsilosane  copolymer  and  a 
dlalkylsilDxa,ne  li.oinopolynier. 

22,  An  artick  amirding  to  claim  18,  wherein  ibc  organic 
ccwnpatiblc  siliouic  fluid  has  a  viscosity 


R*  R* 


.  T 


(Ul) 


from  40  to  4CH.K)  ccnlisli^cs  at  25®  C. 

23,  An  ariicic  according  lo  claim  22,  wherein  R^  is 
selected  from  lower  alkyl  radicals  of  i  to  20  carbon  atoms, 
halogeoated  alkyl  radicais  of  6  to  20  cariioo  atoms,  alkoxy- 
alkyl  radicals  of  6  to  20  carbon  atoms  and  aryloxyaifcvl 
radicals,  of  7  lo  50  carbon  atoms. 


24.  An  article  aooording  to  claim  !K,  wherein  ihc  organic 
^mpatible  silicone  fluid  k  dtaracieri/al  by  a  pjur  piiifil  iii 
the  range  fh)m  about  -60“  C,  to  alxiul  80®  C. 

25.  An  ankle  according  to  claim  18.  w'herciii  the  organic 
5  compatible  silicone  ttukl  is  characterized  by  a  p.iur  pjinl  in 

the  range  triuii  about  -Sf]^  C.  to  about  30®  C. 

26.  An  ankle  according  to  claim  18,  wherein  the  orgainc 
comiKitible  silicone  fluid  is  char'acieriTKci  by  a  pour  piint  in 
the  range  fr<Kn  about  -5(f  C-  to  about  if  Cl 

27.  An  article  according  to  ciaim  18,  wherein  compjuient 
A  comprise-s  at  least  one  reactive  silicoiie,  ui  least  one 
comknsatkm  analyst  and  at  lea.st  one  crusshuking  agent. 

28.  An  arlick  according  to  claim  27,  wherein  ite  reactive 
siUoone  h  a  polydialkylsitosane  having  the  formula; 

15 


R' — rsiolsrs — R* 


wherein  eacit  Is  a  hydroxyl  radka.!  or 


25 


(H) 


30  ^ 

wherein  each  R'  is  jiidepetKleatiy  a  hydrccarboo  or  iuori- 
oaied  hydrocarbon  radical,  each  IV  ami  R**  is  a  hydrmiarboti 
radical,  a  is  0  or  1  and  m  has  a  value  such  that  the  viscDsily 
of  said  rcaclivc  silicoiK.  under  ainbiciiJ  tcmpcraliiirc  and 
35.  pres.sure  cimditkms  i.s  up  to  aboal:  b.CKMI  ceulipoise, 

29.  An  ankle  according  to  daimi  28,  wiiereiii  each  .is 
methyl- 

3t).  An  an  kle  acconting  to  claim  29,  whcfcis  each  R '  is 
hydroxyl, 

4tji  31.  An  article  according  to  claim  29,  wlwrein  each  R  *^  is 
structure  II. 

32.  An  artick  according  to  claim  28,  wtKuein  the  con¬ 
densation  catalyst  is  a  tin,  zirconium  or  lilaniunii  compound  . 

33.  An  article  according  to  claim  28,  wherein  the 
45  citx^Unking  agent  is  a  irifunclkmai  or  ictrafunclinnal  silane 

34.  A  method  of  producing  a  condensation  curable  coaling 
composiikur,  crunprising  combinir^  (A)  and  (.B)  of  claiin.  1. 

35.  A  method  of  prolecling  a  slrudure  from  marine 
fouling,  comprising  coating  said  structufe:  with  a  randensa- 

50  cion  curable  coaling  composition  comprising  ibe  coraposi- 
tiot]  of  claim  I. 


♦  ♦  «  »  +1 
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APPENDIX  1.  FOULING  COVERAGE  DATA 


Appendix  l.A  Coverage  data 
EXPERIMENTAL 

Coverage  data  was  collected  at  two  locations:  Miami  Marine  Research  and  Testing  Station, 
Florida  (MMRTS),  and  at  two  sites  in  Massachusetts  (NEl,  NE2). 

Miami  Marine  Research  and  Testins  Station  (MMRTS) 

MMRTS  is  located  in  Biscayne  Bay,  a  sub-tropical  estuary.  The  major  fouling  organisms  settled 
in  organism-specific  seasonal  cycles.  The  community  consists  primarily  of  barnacles,  tunicates, 
encrusting  bryozoans,  hydrozoans,  and  sponges.  At  the  MMRTS  test  area,  salinity  ranged  from 
34  %o  in  the  spring,  to  20^/oo  in  the  summer,  and  the  temperature  varies  from  19”C  to  30”C 
(“South  Florida  Ecosystem  Flistory  Database” 
http://flaecohist.er.usgs.gov/database/BBFieldTree.asp). 

Massachusetts  Test  Sites 

Both  test  sites  in  Massachusetts  are  located  in  temperate  estuaries,  with  water  temperatures 
ranging  from  4°C  in  the  winter  to  24°C  in  the  summer,  and  salinities  from  25%o  to  31%o- 
Fouling  at  these  sites  is  strongly  seasonal,  with  most  reeruitment  occurring  during  the  spring  and 
summer.  Common  fouling  organisms  inelude  enerusting  bryozoans,  tunicates,  sponges,  and  the 
gastropod  Crepidiila  fornicata. 

RESULTS 

Cove  rase  at  MMRTS 

Graphieal  results  of  seasonal  eoverage  at  MMRTS  are  given  in  Figures  l.A.l  -  l.A.3. 
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Figure  1.A.4  Massachusetts  test  site  (NEl)  fouling  profile 
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Figure  LA. 5  Massachusetts  test  site  (NE2)  fouling  profile 

Although  the  two  locations  were  in  relatively  close  geographic  proximity,  the  exposure 
conditions,  pattern  of  settlement,  and  composition  of  the  attached  fouling  community  were  quite 
distinct.  There  also  appeared  to  be  seasonal  effects  and  intrasite  differences  in  the  rate  of 
attachment  and  coverage.  The  extent  and  proportion  of  fouling  components  (soft  and  hard  foul¬ 
ing  species)  varied  among  the  test  coating  formulations;  however,  with  prolonged  exposure,  a 
general  trend  toward  increased  surface  coverage  by  hard  haulers,  primarily  one  species  of  gastro¬ 
pod  mollusk,  was  noted.  Differences  in  the  performance  of  the  oil-amended  coatings,  compared 
to  the  RTVl  1®  control,  appeared  to  be  related  to  a  delay  in  surface  coverage,  which  may  be  due 
to  the  surface  properties  of  these  materials  as  well  as  complex  interactions  among  the  localized 
environment,  predation,  and/or  biological  effects.  Reduced  coverage  was  observed  for  most  of 
the  oil-incorporated  materials,  although  the  magnitude  of  the  improvement  relative  to  the  control 
was  also  site-dependent.  Results  from  these  investigations  indicate  that  some  foul-release 
formulations  substantially  reduce  surface  coverage,  but  the  performance  of  a  particular  material 
is  site-specific  and  may  not  be  equally  effective,  even  at  locations  within  the  same  regional  area. 

CONCLUSIONS 

Eijiling  coverage  appears  to  be  seasonal  at  both  locations.  Total  coverage  may  not  be  a  good 
Tcriminator  for  evaluating  foul-release  coating  performance  at  these  locations.  Although 
coverage  at  the  RTVl  1®  control  was  equivalent  to  the  RTVl  1®  +  SFl  154  formulation,  the 
hydrodynamic  performance  of  the  oil-amended  formulation  was  significantly  better. 
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Appendix  l.B.  Effect  of  oil  state  (free  or  bound)  on  foul  release  performance 


In  this  section,  we  report  two  methods  that  were  employed  to  control  oil  depletion  from 
silicone  foul-release  coatings:  ablative  networks,  and  tethered  incompatible  oils.  The 
synthesis  of  ablative  and  tethered  diphenyldimethylsiloxane  oils  ,  the  incorporation  of 
such  oils  into  the  silicone  room  temperature  vulcanized  (RTV)  network,  and  the  foul- 
release  properties  of  RTV  coatings  containing  the  ablative  and  tethered  oils  are 
discussed.  Both  ablative  networks  and  tethered  oils  had  a  negative  effect  on  foul  release 
performanc,e  suggesting  that  the  oil  must  be  able  to  form  a  non-bonded  boundary  layer 
on  the  surface  in  order  to  be  effective. 

INTRODUCTION 

Improvements  in  foul-  release  performance  are  observed  with  silicone  coatings 
containing  nonbonded  oils.  RTVll®  exhibits  superior  release  properties  compared  to 
epoxy  controls;  however,  barnacle  adhesion  relative  to  an  epoxy  control;  however, 
RTVll®  containing  10%  free  diphenyldimethylsiloxane  oil  (PDMDPS,  )(SF1154)  has 
superior  performance  comparedperforms  superior  to  both  the  epoxy  control  and  RTVll® 
controls  (Figure  I.B.I.).  It  is  desirable  to  maximize  the  residence  time  of  the  oil  in  the 
topcoat  for  maximum  lifetime  foul  release  performance. 


Figure  l.B.l.  Effect  of  oil  incorporation  on  barnacle  adhesion  strength 

The  incorporation  of  ablative  and  tethered  oils  into  the  silicone  topcoat  of  fouling  release 
coatings  is  a  desirable  mechanism  for  slow,  controlled  release  of  the  silicone  oil  from  the 
RTV  topcoat.  Once  incorporated  into  the  silicone  network,  the  hydrolytically  unstable 
Si-O-C  bond  in  the  ablative  oil  should  slowly  degrade  in  water.  Conversely,  the  tethered 
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oil  is  chemically  bonded  into  the  silicone  network  and  one  end  (the  non-miscible  portion) 
could  phase  separate  to  the  surface  of  the  coating.  We  synthesized  both  ablative  and 
tethered  diphenyldimethylsiloxane  copolymers,  incorporated  the  copolymers  into  the 
RTV  topcoat  and  measured  the  foul  release  performance  of  the  coatings.  The  structures 
of  the  oils  are  shown  below  in  Figure  l.B.2. 


(EtO)3Si^^O— Si-(^0 

I  \ 


O— Si — O  ^^^Si  (OEt)3 


(1) 


Figure  l.B.2  Ablative  (1)  and  tethered  (2)  diphenyldimethylsiloxane  oils 


(2) 


EXPERIMENTAL 


All  reagents  were  purified  and/or  dried  over  sieves  prior  to  use.  Triethylamine  was 
distilled  from  CaH2  and  stored  over  3A  molecular  sieves  (55  mg/Lppm  H2O).  Toluene 
was  distilled  from  sodium/benzophenone.  Dimethyldichlorosilane  was  distilled  under 
nitrogen  and  stored  over  3A  molecular  sieves.  Diethylether  was  stored  over  molecular 
sieves  for  several  days  (16  ppm  H2O).  PDS-1615  was  obtained  from  Gelest  and  heated  to 
60°C  under  high  vacuum  with  stirring  for  1  hour  to  remove  residual  water.  Allyl  alcohol 
was  dried  over  crushed  CaS04  and  3 A  molecular  sieves  (140  ppm  H2O).  Standard 
schlenk  techniques  and  a  nitrogen  atmosphere  were  used. 

Synthesis  of  bis-Cchlorosilane-terminated  dPiuhenvlsiloxanedimethylsiloxane  (4) 

A  500  mL  3 -neck  round  bottom  flask  was  dried  overnight  and  fitted  with  an  overhead 
stirrer  and  a  250  mL  pressure  equalizing  addition  funnel.  MeSi2Cl2  (29.0  g,  225  mmol) 
was  added  to  the  flask  via  cannula.  Upon  addition  of  NEt3  (12.54  mL,  90  mmol)  via 
syringe  to  the  system,  a  cloudy  white  gas  and  a  white  precipitate  fomied.  An  ice  bath 
(5°C)  was  immediately  placed  under  the  round  bottom  flask  and  a  50  wt  %  solution  of 
PDS-1615  (silanol-terminated  diphenylsiloxane-dimethylsiloxane  copolymer)  in  toluene 
was  added  drop  wise  from  the  pressure  equalizing  addition  funnel.  The  temperature  of 
the  ice  bath  was  dropped  to  -5°C.  The  silanol-terminated  solution  was  added  over  120 
minutes  and  a  cloudy  white  precipitate  formed  (HCFNEt3).  The  reaction  mixture  was 
filtered  two  times  and  residual  MeSi2Cl2  and  toluene  were  removed  by  distillation.  A 
clear  viscous  liquid  (118.7  g,  35  mmol)  was  obtained  and  characterized  by  ^FI  and  29si 
NMR  spectroscopies.  The  'H  NMR  was  identical  to  the  starting  material,  silanol 
terminated  diphenyldimethylsiloxane  copolymer,  except  the  disappearance  of  the  -OFI 
proton  was  observed  and  appearance  of  methyl  protons  adjacent  to  the  chlorosilane  were 
observed.  ’FI  NMR:  Si-Cl:  0.3  ppm,  12  H,  s;  Aryl  H  (Ph):  average  5  7.6  ppm,  m,  54FI; 
Aryl  FI  (Ph):  average  5  7.2  ppm,  m,  81  H;  Si-Me2  (D  groups):  multitude  of  singlets  at  0- 
0.5  ppm  (342  H). 
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Synthesis  of  bis-Aallvloxv-terminated  Ddivhenvldimethvlsiloxane  (5) 

AIL  3-neck  round  bottom  flask  was  fitted  with  an  overhead  stirrer  and  a  250  mL 
pressure  equalizing  addition  funnel  containing  the  chlorosilane-terminated 
diphenylsiloxane  dimethylsiloxane  copolymer  (118.0  g,  35  mmol).  Allyl  alcohol  (7.14 
mL,  105  mmol)  and  triethylamine  (9.76  mL,  35  mmol)  were  added  via  syringe  to  the  1  L 
flask  followed  by  500  mL  of  diethyl  ether.  The  chlorosilane  was  added  drop  wise  to  the 
ether  solution  at  5°C  over  90  minutes.  The  solution  was  allowed  to  stir  an  additional  15 
min.  and  was  then  filtered  to  remove  HCl-NEt3.  The  organic  layer  washed  with  acid, 
water,  dried  over  MgS04followed  by  distillation  of  the  ether  at  30°C.  A  clear  viscous 
liquid  (116  g)  resulted  with  a  molecular  weight  of  7,000.  By  ’H  NMR  NMR, 
disappearance  of  the  methyl  protons  adjacent  to  the  chlorosilane  and  appearance  of  the 
allyl  protons  were  observed.  'H  NMR:  terminal  CHi  of  allyl:  5.1  ppm,  d,  4H;  center  CH 
of  allyl:  5.9  ppm,  ddt,  2H;  CH2-O:  4.2  ppm,  m,  4  H.  Aryl  H  (Ph):  average  5  7.6  ppm,  m, 
54H;  Aryl  H  (Ph):  average  6  7.2  ppm,  m,  81  H;  Si-Mea  (D  groups):  multitude  of  singlets 
at  0-0.5  ppm  (354  H). 

Synthesis  of  bis-Ttriethoxv-ter minuted  Ddiphenvldimethylsiloxane  (1) 

To  a  250  mL  3-neck  round  bottom  flask  fitted  with  an  overhead  stirrer,  5  wt%  Karstedt's 
catalyst  in  xylenes  (0.28  mL,  100  ppm  H2O)  and  triethoxysilane,  which  had  been  distilled 
under  nitrogen  (6.12  mL,  33.14  mmol),  was  added.  The  solution  turned  brown  upon 
which  ~  5  ml  of  the  bis-allyloxy  copolymer  was  added  directly  with  stirring.  The 
remaining  bis-allyl  copolymer  was  added  drop  wise  at  70-75°C  over  60  minutes.  ’H 
NMR  revealed  disappearance  of  the  allyl  protons  and  appearance  of  the  propyl  and  the 
ethoxy  protons.  'H  NMR:  propyl  CH2-Si  0.6  ppm,  t,  4H;  propyl  -CH2-:  1.6  ppm,  m,  4H; 
CH2-O:  -1.8  ppm,  t,  4H;  Aryl  H  (Ph):  average  5  7.6  ppm,  m,  54H;  Aryl  H  (Ph):  average 
6  7.2  ppm,  m,  81  H;  Si-Me2  (D  groups):  multitude  of  singlets  at  0-0.5  ppm  (354  H). 

Synthesis  of  Ttethered  Ddiphenyldimethylsiloxane  oil  (2) 

To  a  250  mL  round  bottom  flask,  13.6g  of  DsPh,  30g  of  D3,  30  mL  of  THF  and  100  mL 
of  toluene  was  allowed  to  stir  overnight.  The  reaction  mixture  was  cooled  to  0°C  in  and 
27  mL  of  n-BuLi  (L6M)  was  added.  The  mixture  was  then  heated  to  60°C  for  6  hrs  and 
the  course  of  the  reaction  followed  by  GC  until  no  n-BuLi  remained.  Ether  was  added 
and  then  the  lithium  salt  was  quenched  with  water/HCl  until  neutral.  The  aqueous 
fraction  was  extracted  3  times  with  ether  and  then  washed  with  water/NaCl.  The  organic 
fraction  was  then  dried  over  Na2S04  and  then  stripped  at  150°C  and  2  mmHg  to  remove 
low  boiling  volatiles.  'HNMR:  CH3-CH2-  2.7  ppm,  t,  3  H;  -CH2-CH2-:  1.2  ppm,  m,  4H; 
CH2-Si:  0.5  ppm,  t,  2  H;  OH:  2.5  ppm,  broad  s,  IH;  Aryl  H  (Ph):  average  5  7.6  ppm,  m, 
15  H;  Aryl  H  (Ph):  average  §  7.2  ppm,  m,  22.5  H;  Si-Me2  (D  groups):  multitude  of 
singlets  at  0-0.5  ppm,  27  H. 

Incoryoration  of  Aablative  and  Ttethered  Ooils  into  Ssilicone  Nnetworks 
The  ablative  diphenyldimethylsiloxane  copolymer  was  incorporated  at  10  wt  %  into  the 
RTvii®  xhe  bis-triethoxysiloxane  end  groups  of  (1)  can  condense  with  the  silanol 
terminated  polydimethylsiloxane  in  RTVll®®  in  the  presence  of  dibutyltindilaurate  to 
give  a  crosslinked  network  containing  the  hydrolytically  unstable  Si-O-C  moiety.  The 
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tethered  diphenyldimethylsiloxane  oil  was  also  incorporated  at  10  wt  %  into  RTVll®®. 
The  silanol  endgroups  of  (2)  were  condensed  with  tetraethylorthosilicate,  in  the  presence 
of  dibutyltindilaurate  to  give  the  triethoxy-terminated  copolymer,  which  subsequently 
condensed  with  the  silanol-terminated  RTVll®  to  form  a  crosslinked  network.  The 
incompatible  butyl-terminated  diphenyldimethylsiloxane  should  phase  separate  to  the 
surface  of  the  PDMS  network 

Foul-  Rrelease  Pperformance  of  Aablative  Nnetworks  and  Ttethered  Ooils 
RTV  topcoats  containing  either  the  ablative  or  tethered  diphenyldimethylsiloxane 
copolymers  were  applied  to  steel  panels  previously  coated  with  the  epoxy  and  a  tie  layer 
developed  at  NRLj.  After  the  panels  were  allowed  to  cure  for  one  week,  they  were 
deployed  at  both  northeast  and  southeast  static  test  sites  for  9  months.  Controls  of 
RTVll®  RTVll®  containing  10%  free  diphenyldimethylsiloxane  oil  were  also 
immersed  in  these  marine  environments.  The  overall  fouling  coverage  was  recorded  for 
the  northeast  site  and  barnacle  adhesion  values  were  measured  for  the  southeast  site. 

RESULTS  AND  DISCUSSION 

The  synthesis  of  the  ablative  diphenyldimethylsiloxane  oil  involved  three  steps,  shown 
below  in  Figure  l.B.3.  A  silanol  terminated  diphenyldimethylsiloxane  copolymer  (3) 
eontaining  16  mole  %  diphenylsiloxane  was  reaeted  with  dimethyldiehorosilane  at  -5°C 
in  the  presenee  of  triethylamine  to  give  the  bis-ehlorosilane  terminated  derivative  (4). 
The  ehlorosilane  derivative  was  subsequently  reaeted  with  allyl  aleohol  and  triethylamine 
to  yield  the  bis-allyl  terminated  diphenylmethylsiloxane  (5).  Hydrosilyation  with 
triethoxysilane  and  Karstedt’s  eatalyst  gave  the  produet,  bis-triethoxy  terminated 
diphenyldimethylsiloxane  (1).  Note  some  ehain  extension  was  observed  in  (4),  where  the 
moleeular  weight  doubled  from  approximately  3,300  to  7,000. 
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(1) 

Figure  LB. 3.  Synthesis  of  the  ablative  polydimethyldiphenylsiloxane  oil  (1) 

The  tethered  diphenyldimethylsiloxane  oil  was  prepared  by  a  kinetically  controlled 
anionic  ring  opening  polymerization  of  hexamethylcyclotrisiloxane  (D3)  and 
hexaphenylcyclotrisiloxane  (D3  )  in  the  presence  of  n-BuLi  (Figure  \3A)). 
Polymerization  was  quenched  with  water  to  give  a  monofunctional 
diphenyldimethylsiloxane  product  (2). 


Figure  l.B.4.  Synthesis  of  tethered  polydimethyldiphenylsiloxane  oil  (2) 
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The  ablative  oil  was  incorporated  into  the  network  using  tin  condensation  chemistry 
(Figure  1.  B.5.) 
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Figure  l.B.5.  Incorporation  of  ablative  diphenyldimethylsiloxane  oil  into  RTVll®® 
network 

The  monofunctional  oil  used  for  tethering  was  reacted  with  the  crosslinker  followed  by 
condensation  reaction  with  the  silanol  polymers  of  RTVl  1  ®. 
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Figure  l.B.6.  Incorporation  of  tethered  diphenyldimethylsiloxane  oil  into  the  RTVlr 
network 
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The  overall  fouling  coverage  was  evaluated  at  onethe  Massachusetts’s  site,e  for  the 
northeast  site  and  barnacle  adhesion  values  were  measured  at  FIT  (Figure  1.  B.7  and 
Figure  1.  B.8). 


RTV 1 1  Free  Oil  Ablative  Coating 

Figure  l.B.7.  Foul-  release  performance  of  the  of  ablative  diphenyldimethylsiloxane 
coating 


oil  ablative  oil  tethered  oil 

Figure  l.B.8.  Foul-  release  performance  of  ablative  networks  and  tethered  oils 

We  observed  that  the  ablative  oil,  which  is  chemically  bound  to  the  PDMS  topcoat, 
provided  inferior  antifouling  performance  compared  to  both  the  oil-amendedfree 
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diphenyldimethylsiloxane  oil  in  RTVll®  and  the  RTV1®1  control  (Figure  1.B.7;  1.B.8). 
The  barnacle  adhesion  data  confirmed  that  the  coating  containing  the  tethered  oil  or  the 
ablative  network  coating  performed  poorly  relative  to  the  controls  (RTVll®  and  RTVll 
+  free  oil)  Figure  1.B.8).  From  these  results,  we  can  conclude  that  free  oil  is  necessary  in 
the  silicone  coating  for  optimal  foul  release  performance. 
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APPENDIX  2.  PHYSICAL  PROPERTIES  OF  DEVELOPMENTAL  COATINGS 


Appendix  2.A  Physical  properties  of  fouling  release  formulations 

Table  2.A.I.  Physical  properties  of  fouling  release  topcoat  formulations 


Downselect 

number 

Composition 

Tensile  Stress 
(MPa) 

Elongation  at 
Break  (%) 

Die  B  Tear 
Maximum 
Stress  (MPa) 

1 

RTVll® 

2.130  +  0.372 

228  +  42 

0.159  +  0.007 

- 

Silica  filled  base 

2.255  +  0.365 

198  +  20 

0.128  +  0.005 

2 

RTVll®  +  10%SF1154 

1.951  +0.324 

212  +  21 

0.152  +  0.006 

3 

Silica  filled  base  +  10%  SFl  154 

1.531  +0.634 

170  +  60 

0.131+0.002 

4 

RTVll®  +  10%DBE224 

2.186  +  0.972 

141 

0.145  +  0.009 

5 

RTVll®  +  10%DMSC15 

1.503  +  0.965 

140 

0.172  +  0.024 

6 

Silica  filled  base  +  10%  DMSC15 

2.027  +  0.228 

242+  18 

0.127  +  0.004 

7 

Silica  filled  base  +  10%  SFl  147 

2.117  +  0.262 

232  +  23 

0.103  +  0.005 

8 

RTVll®  +  SFl  147 

1.703  +  0.331 

186+10 

0.131+0.006 

9 

RTVl  1®  +  5%  DBE224  +  5%  SFl  1 54 

1.868  +  0.228 

170+10 

0.145  +  0.011 

10 

RTVl  1  ®+  10%  Ablative  carbinol  oil 

0.841  +0.228 

108  +  16 

0.145  +  0.007 

11 

RTVl  1®  +  10%  Ablative  phenyl  oil 

1.834  +  0.138 

129  +  6 

0.017  +  0.013 

Table  2. A. 2.  Tensile  moduli  for  oil  amended  foul  release  coatings 


DS 

Number 

Composition 

Storage  Modulus 
(MPa) 

Loss  Modulus 
(MPa) 

tan  5 

1 

RTVll® 

1.44 

0.0182 

0.01 

2 

RTVll®  +  10%  SFl  154 

1.19 

0.0157 

0.013 

5 

RTVll®  +  10%DMSC  15 

0.42 

0.0100 

0.01858 

8 

RTVll®  +  10  %SF1 147 

1.47 

0.0086 

0.00592 

- 

Silica  filled  base 

0.379 

0.0050 

0.013 

3 

Silica  filled  base  +  10%  SFl  154 

0.305 

0.0029 

0.00952 

6 

Silica  filled  base  +  10%  DMSC15 

0.433 

0.0151 

0.0348 

7 

Silica  filled  base  +  10%  SFl  147 

0.266 

0.0095 

0.035 
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Appendix  2.B  Peel  adhesion  properties  of  topcoat  formulations 


Table  2.B.1  Peel  adhesion  properties  of  topcoat  formulation 


Tiecoat 

Topcoat 

Conditions 

Peei 

adhesion! 

N/m) 

Standard 

deviation 

Mistcoat/J501 

RTV11  +  SF1147 

dry 

3205 

234 

Mistcoat/J501 

RTV11  +  SF1147 

wet 

35 

19 

Mistcoat/J501 

RTV11  +  DMSC15 

dry 

2927 

93 

Mistcoat/J501 

RTV11  +  DMSC15 

wet 

32 

22 

Mistcoat/J501 

RTV11 

dry 

3593 

87 

Mistcoat/J501 

RTV11 

wet 

41 

27 

Mistcoat/J501 

RTV11  +  SF1154 

dry 

3853 

118 

Mistcoat/J501 

RTV11  +  SF1154 

wet 

40 

12 

Mistcoat  elimination/J501 

RTV11  +  SF1147 

dry 

3582 

193 

Mistcoat  elimination/J501 

RTV11  +  SF1147 

wet 

3772 

222 

Mistcoat  elimination/J501 

RTV11  +  DMSC15 

dry 

3026 

269 

Mistcoat  elimination/J501 

RTV11  +  DMSC15 

wet 

3509 

467 

Mistcoat  elimination/J501 

RTV11 

dry 

3838 

166 

Mistcoat  elimination/J501 

RTV11 

wet 

3938 

111 

Mistcoat  elimination/J501 

RTV11  +  SF1154 

dry 

4163 

215 

Mistcoat  elimination/J501 

RTV11  +  SF1154 

wet 

3736 

750 

SEA/SCM 

RTV11 

wet 

538 

33 

SEA/SCM 

RTV11 

dry 

666 

35 

SEA/SCM 

RTV11  +  DMSC15 

wet 

400 

34 

SEA/SCM 

RTV11  +  DMSC15 

dry 

580 

65 

SEA/SCM 

RTV11  +SF1147 

wet 

540 

19 

SEA/SCM 

RTV11  +SF1147 

dry 

913 

55 

SEA/SCM 

RTV11  +  SF1154 

wet 

675 

60 

SEA/SCM 

RTV11  +SF1154 

dry 

894 

9 

SEA/SCM/J501 

RTV11  +  SF1147 

dry 

842 

5 

SEA/SCM/J501 

RTV11  +  SF1147 

wet 

1009 

32 

SEA/SCM/J501 

RTV11  +  DMSC15 

dry 

836 

18 

SEA/SCM/J501 

RTV11  +  DMSC15 

wet 

660 

19 

SEA/SCM/J501 

RTV11 

dry 

744 

40 

SEA/SCM/J501 

RTV11 

wet 

884 

61 

SEA/SCM/J501 

RTV11  +  SF1154 

dry 

744 

18 

SEA/SCM/J501 

RTV11  +  SF1154 

wet 

1045 

33 

Mil  lll/Mistcoat  elimination/J501 

RTV11 

dry 

1774 

693 

Mil  lll/Mistcoat  elimination/J501 

RTV11 

wet 

3182 

96 

Mil  lll/Mistcoat  elimination/J501 

RTV11  +  DMSC15 

dry 

2123 

209 

Mil  lll/Mistcoat  elimination/J501 

RTV11  +  DMSC15 

wet 

2757 

179 

Mil  lll/Mistcoat/J501 

RTV11 

dry 

2866 

135 

Mil  lll/Mistcoat/J501 

RTV11 

wet 

3270 

38 

Mil  lll/Mistcoat/J501 

RTV11  +  DMSC15 

dry 

2323 

147 

Mil  lll/Mistcoat/J501 

RTV11  +  DMSC15 

wet 

2929 

137 

Amerlock  400/mistcoat/J501 

RTV11  +  DMSC15 

dry 

2417 

94 

Amerlock  400/mistcoat/J501 

RTV11  +  DMSC15 

wet 

1894 

597 

Amerlock  400/m  is tcoat/J  501 

RTV11 

dry 

3070 

101 

Amerlock  400/mistcoat/J501 

RTV11 

wet 

841 

30 

Appendix  2.C  Abrasion  resistance  of  topcoat  formulations 


Table  2.C.1  Abrasion  resistance  of  downselected  topcoats  over  mistcoat/J501  system 


DS# 

Composition 

Abrasion  Results 

1 

Epoxy/J501/RTV11® 

Control 

Epoxy/J501/Silica  filled  base 

Control 

2 

Epoxy/J501/RTV11®+  10%SF1154 

Worse  than  RTVl  1® 

3 

Epoxy/J501/Silica  filled  base  +  10%SF1 154 

Equivalent  to  Silica  filled  base 

4 

Epoxy/J501/RTV1 1®  +10%  DBE224 

Worse  than  control 

5 

Epoxy/J501/RTV11®+  10%DMSC15 

Eorse  than  control 

6 

Epoxy/J501/Silica  filled  base  +  10% 
DMSC15 

Equivalent  to  Silica  filled  base 

7 

Epoxy/J501/Silica  filled  base  +  10%  SFl  147 

Equivalent  to  Silica  filled  base 

8 

Epoxy/J501/  RTVl  1®  +  10%  SFl  147 

Better  than  RTV 1 1  ® 

10 

Epoxy/J501/RTV1®  +  10%ablative  carbinol 

Better  than  RTV  1 1  ® 

11 

Epoxy/J501/RTV1 1®  +  10%ablative  phenyl 

Better  than  RTV  1  ® 

Good 


Good 


Good 


Very  good 


Good 


Marginal 


Good 


Good 


Very  good 


Good 


Bood 


Table  2.C.2  Abrasion  resistance  of  screening  coatings  over  the  mistcoat/J501  system 


System  Composition 

Abrasion  Results 

Qualitative  System  Adhesion 

Epoxv/J501  +  10%  SFl  147/RTVl  1® 

Better  than  control 

Delaminated  J501/epoxy  interface 

Epoxy/J501  +  10  %PDV  0331/RTVl  1® 

Better  than  control 

Good 

Epoxy/J501  +  10%406/RTVll® 

Better  than  control 

Good 

epoxy/J501  +  10%  563/RTVll® 

better  than  control 

Good 

Epoxy/J501  +  10%  DEB224/RTV11® 

Failure 

Very  poor:  epoxy/tie  failure 

Epoxy/J501  +  10%  DMSC15  type  B 
capsules/RTVl  1® 

Same  as  RTVl  1® 

Good 

Epoxy/J501  +  10%  DMSC15/RTV11® 

Aetter  than  control 

Poor:  epoxy/tie  failure  in  places 

Epoxy/J501  +  10%  DMSCIS/Silica  filled  base 

Same  as  silica  filled  base 

Good 

Epoxy/J501  +  10%MCRC13/RTV11® 

Worse  than  control 

Good 

Epoxy/J501  +  10%  PDV0325/RTV11® 

Wetter  than  control 

Good/oil  streaks  to  surface 

Epoxy/J501  +  10%  PDV0341/RTV11® 

Good 

Epoxy/J501  +  10%  PS835/RTV11® 

Better  than  control 

Delamination  J501/epoxy  interface 

Epoxy/J501  +  10%  SFl  147/Silica  filled  base 

Same  as  silica  filled  base 

Delaminated  J501/epoxy  interface 

Epoxy/J501  +  10%  SFl  154/Silica  filled  base 

Same  as  silica  filled  base 

Good 

Epoxy/J501  +  10%CMS222/RTV11® 

Better  than  control 

Good 

Epoxy/J501  +  10%CMS222/Silica  filled  base 

Same  as  silica  filled  base 

Delaminated  J5  01 /topcoat 
interface 

Epoxy/J501  +  10%DBE224/RTV511® 

Worse  than  control 

Very  poor:epoxy/tiecoat  failure 

Epoxy/J501  +  10%DMSB31/Silica  filled  base 

Same  as  silica  filled  base 

Delaminated  J5  01 /topcoat 
interface 

Epoxy/J501  +  10%MCRC13/Silica  filled  base 

Same  as  silica  filled  base 

Good 

Epoxy/J501  +  10%PDV0325/RTV11® 

Better  than  control 

Good 

Epoxy/J501  +  10%PDV0325/Silica  filled  base 

Same  as  silica  filled  base 

Good 

Epoxy/J501  +  10%PDV0341/Silica  filled  base 

Same  as  silica  filled  base 

Good 
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Epoxy/J501  +  10%RTT101 1/Silica  filled  base 

Same  as  silica  filled  base 

Good 

Epoxy/J501  +  10%SF1154/RTV11® 

Good 

Epoxy/J501  +  30%  SFl  154/RTVl  1® 

Worse  than  control 

Good-poor:  epoxy/tie  failure 

Epoxy/J501  +10%PDV033 1/Silica  filled  base 

Same  as  silica  filled  base 

Good 

Epoxy/JSOl/  RTVl  1®  +  10%  PDV0331 

Worse  than  control 

Good 

Epoxy/JSOl/  RTVl  1®  +  10%  SFl  147 

Better  than  control 

Very  good 

Epoxy/JSOl /  RTVl  1®  +  20%  SFl  154 

Worse  than  control 

Good 

Epoxy/J501/  RTVl  1®  +  30%  SFl  154 

Worse  than  control 

Good/  poor  durability 

Epoxy/JSOl /RTVl  1® 

Good 

Epoxy/JSOl /RTVl  1® 

Good 

Epoxy/JSOl /RTVl  1® 

Good 

Epoxy/JSOl /RTVl  1®  +  10%  CMS222 
(PS835) 

Worse  than  control 

Good 

Epoxy/JSOl /RTVl  1®  +  10%  DBE224 

Good 

Epoxy/JSOl /RTVl  1®  +  10%  DMSB3 1 
(PS563) 

Same  as  RTVl  1® 

Good 

Epoxy/JSOl /RTVl  1®  +  10%  DMSC15 

Worse  than  control 

Marginal 

Epoxy/JSOl /RTVl  1®  +  10%  MCRSC13 

Better  than  control 

Good 

Epoxy/JSOl /RTVl  1®  +  10%  PDV0325 

Worse  than  control 

good 

Epoxy/JSOl /RTVl  1®  +  10%  PDV0341 

Better  than  control 

Good, oily  surface 

Epoxy/JSOl /RTVl  1®  +  10%  RTTlOl  1(406) 

Worse  than  control 

Good 

Epoxy/JSOl/RTVll®  +  10%  SFl  154 

Better  than  control 

Good 

Epoxy/JSOl/RTVll®  +  10%  SFl  154 

Worse  than  control 

Good 

Epoxy/JSOl /RTVl  1®  +  10%ablatiye  carbinol 

Better  than  control 

Good 

Epoxy/JSOl /RTVl  1®  +  10%ablatiye  phenyl 

Better  than  control 

Good 

Epoxy/J501/RTV11®+  10%DMSC25 

Good 

Epoxy/J501/RTV11®+  10%FMS123 

Better  than  control 

Good/poor  durability 

Epoxy/JSOl /RTVl  1®  +  10%Microcap  C 
DMSC15 

Same  as  RTVl  1® 

Good  adhesion/poor  durability 

Epoxy/JSOl /RTVl  1®  +  10%SF1 154  +  talc 

Good 

Epoxy/JSOl /RTVl  1®  +  10%tethered  carbinol 

Better  than  control 

Good 

Epoxy/JSOl /RTVl  1®  +  5%SF1 154  + 
5%DBE222 

Same  as  RTVl  1® 

Good 

Epoxy/JSOl /RTVl  1®  +  5%SF1 154  + 
5%MCRC13 

Better  than  control 

Good 

epoxy/JSOl/RTVl  1®  +  5%SF1 154 
+5%DMSC15 

Same  as  RTVl  1® 

Good 

Epoxy/JSOl/RTVl  1®  +10%  DBE224 

Worse  than  control 

Good  a 

Epoxy/J50 1  /RTV 1 1  ®  + 1 0%SF  1154  +  kaolin 

Worse  than  control 

Good 

Epoxy/J50 1  /RTV  1 1  ®  + 1 0%SF  1154  +graphite 

Failure 

Good  /poor  durability 

Epoxy/JSOl/RTVl  1®  +10%SF1 154  C 
capsules 

Better  than  control 

Good  but  weak  topcoat 

Epoxy/J501/RTV511 

Worse  than  control 

Good 

Epoxy/J501/RTV511 

Good 
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Epoxy/J501/RTV511 

Good 

Epoxy/J501/RTV511  +  10%DBE224 

Worse  than  control 

Good 

Epoxy/J501/RTV511  +  10%  SF1154 

Good 

Epoxy/J50 1  /RTV5 11+1 0%DMSC  1 5 

worse  than  control 

Good 

Epoxy/J501/RTV51 1+10%SF96(350) 

Failure 

Very  poor:  top/tie  failure  (easily 
peels  apart) 

Epoxy/J501/Silica  filled  base 

Same  as  silica  filled  base 

Good 

Epoxy/J501/Silica  filled  base 

Same  as  silica  filled  base 

Good 

Epoxy/J501/Silica  filled  base  +  10%  DMSC15 

Same  as  silica  filled  base 

Good 

Epoxy/J501 /Silica  filled  base  +  10%  FMS123 

Same  as  silica  filled  base 

Good 

Epoxy/J501/Silica  filled  base  +  10% 

MCRC13 

Same  as  silica  filled  base 

Good  /poor  durability 

Epoxy/J501/Silica  filled  base  +  10%  Microcap 
CDMSC15 

Failure 

Good  /poor  durability 

Epoxy/J501/Silica  filled  base  +  10% 

PDV0331 

S  as  silica  filled  base 

Good 

Epoxy/J501/Silica  filled  base  +  10% 

PDV0341 

S  as  silica  filled  base 

Good 

Epoxy/J501/Silica  filled  base  +  10% 

RTTlOll 

S  as  silica  filled  base 

Good/very  durable 

Epoxy/JSOl/Silica  filled  base  +  10%  SFl  147 

S  as  silica  filled  base 

Good 

Epoxy/J501/Silica  filled  base  +  10%  SFl  154 
+macro.resin 

Failure 

Good  /poor  durability 

Epoxv/J501 /Silica  filled  base  +  10%CMS222 

S  as  silica  filled  base 

Good 

Epoxv/J501/Silica  filled  base  +  10%DMSC25 

Worse  than  control 

Good 

Epoxy/JSOl/Silica  filled  base  +  10%PDV0325 

As  good  as  silica  filled 
base 

Good 

Epoxy/JSOl/Silica  filled  base  +  10%PDV0331 

Same  as  silica  filled  base 

Good 

Epoxy/JSOl/Silica  filled  base  +  10%PDV0341 

Same  as  silica  filled  base 

Good 

Epoxy/JSOl/Silica  filled  base  +  10%PS563 

Same  as  silica  filled  base 

Good 

Epoxy/JSOl/Silica  filled  base  +  10%SF1 154 

Same  as  silica  filled  base 

Very  good 

Epoxy/JSOl/Silica  filled  base  +  10%SF1 154 
+  10%talc 

Failure 

Good 

Epoxy/JSOl/Silica  filled  base  +  20%  SFl  154 

S  as  silica  filled  base 

Good 

Epoxy/J501+  10%FMS123/RTV11® 

Better  than  control 

Good 

Epoxy/J501+  20%  SFl  154/RTVl  1® 

SasRTVll® 

Poor:  epoxy/tie  failure  (easily 
peels  apart) 

Epoxy/J501  +  10%DBE224/Silica  filled  base 

Failure 

Very  poor:  epoxy/tie  failure 
(easily  peels  apart) 

Epoxy/J501  +  10%SF96(350)  /RTV51 1 

Failure 

Good 

J501/RTV1 1  +  10%  SFl  154  B  microcapsules 

Failure 

Good 

Epoxy/JSOl/RTVl  1  +  10%  DMSC15  + 

10%  DMSC15  type  C  capsules 

Same  as  RTVl  1® 

Good 

Epoxy/JSOl  +  10  %  MCRC13/RTV1 1 

Good 

Epoxy/JSOl/RTVl  1®  +  10%  CMS222 

Worse  than  control 

Good 

Epoxy/JSOl/RTVl  1®  +  10%  DBE224 

Good 

Epoxy/JSO  1  /RTV 1 1  ®  +  1 0%DMSC  1 5 

Worse  than  control 

Good 

Epoxy/JSOl/RTVl  1®+  10%RTT1011 

Good 

Epoxy/JSOl/Silica  filled  base  +  10%  SFl  147 

Same  as  silica  filled  base 

Good 
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Appendix  2.D  Critical  surface  tensions  and  energy  descriptors  for  foul-release  formulations 
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yp:  polar  component  of  surface  free  energy 
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Fouling  scores  &  tests  are  for  areas  of  intact  topcoat  ONLY 

*topcoat  sliahtly  abraded  before  immersion 
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Appendix  2.E  Application  trip  reports 


2.E.1 

To:  Jim  Celia,  Biff  Williams 

From:  Tim  Burnell,  John  Carpenter,  Owen  Harblin 

Subject:  DARPA  Test  Patch  Application  to  USS  Nevada,  Silverdale,  Washington 

cc:  Ken  Carroll,  Judy  Stein,  Judy  Serth-Guzzo,  Katy  Truby,  Jim  Resue 

Date:  8/26/97-8/28/97 

Hishlishts 

Three  test  foul-release  compositions  were  applied  to  100  ft  areas  on  the  USS  Nevada  at  the 
Trident  Refit  Facility  in  Silverdale,  Washington  on  August  26-28*'’,  1997.  The  compositions 
consisted  of  an  Amerlock  400  anti-corrosion  epoxy,  a  “mist  coat”,  Silgan  J-501,  and  RTVll® 
with  10%  oil  additives.  The  additives  consisted  of  General  Electric  Silicones’  SF1154 
methylphenyl  siloxane  fluid,  DMS-C15,  a  carbinol  terminated  poly(dimethylsiloxane),  and  DBE- 
224,  a  dimethylsiloxane-ethylene  oxide  block  copolymer.  The  test  patch  utilizing  RTVll®  plus 
10%  SF1154  fluid  was  separated  into  two  areas.  One  side  contained  a  standard  mil  P  24441 
Type  111  epoxy  while  the  other  half  was  eoated  with  Amerlock  400.  Previous  test  results  have 
indicated  that  there  may  be  an  adhesion  problem  with  the  duplex  system  when  a  Type  111  epoxy 
is  used. 

A  3  ft  X  3  ft  area  and  a  2  ft  x  2  ft  area  were  also  tested  in  an  attempt  to  eliminate  the  “mist  coat” 
application.  On  the  3  ft  x  3  ft  pateh,  a  eoat  of  Amerloek  400  plus  20%  SCM501C  was  applied 
prior  to  the  application  of  J-501.  The  J-501  was  applied  2-3  hours  later  to  a  tacky  epoxy.  On  the 
smaller  patch,  Amerlock  400  with  no  additive  was  applied.  J-501  was  then  applied  2-3  hours 
later  to  a  tacky,  but  partially  cured  epoxy.  RTVl  1®  +  10%  DMS-C15  additive  was  applied  over 
the  J-501  on  these  patches. 


Application  of  Anti-Corrosive  Epoxy 

Prior  to  our  arrival  at  the  refit  facility,  3  (A,B,C)  x  10  ftxlOft  (100  ft )  areas  were  sandblasted 
and  then  coated  with  a  Formula  150  series  Type  111  epoxy.  In  addition,  2  smaller  patches;  4  ft^ 
(D)  and  2  ft  (E)  were  also  blasted  and  coated  with  the  Type  111  epoxy.  Amerlock  400  FD  was 
applied  to  the  three  100  ft^  areas.  In  section  A,  only  half  (divided  vertically)  was  coated  in  an 
attempt  to  determine  if  there  is  a  difference  between  Type  111  epoxy  and  Amerlock  400  FD. 
Atotal  of  5-7  mils  (Dry  Film  Thickness  (DFT))  were  applied  to  these  areas  using  a  standard 
airless  pump  (19:1)  with  a  417  tip  size.  On  the  smaller  test  patches,  D  and  E,  the  epoxy  was 
rolled  on.  Section  E  contained  Amerlock  400  FD  (6-8  mils  DFT),  and  D  contained  Amerlock 
400  FD  +  20  %  SCM501C  additive.  This  additive  contains  gamma  aminopropyl  trimethoxy 
silane  (GAP),  which  is  being  utilized  as  an  adhesion  promoter  in  this  system.  The  goal  with 
these  2  smaller  patches  is  to  test  the  feasibility  of  eliminating  the  “mist  coat”  currently  used  in 
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the  duplex  coating  system.  Test  patches  A,  B,  and  C,  were  allowed  to  cure  overnight  prior  to  the 
application  of  the  silicone  coatings,  while  D  and  E  were  coated  just  prior  to  application  of  the 
silicone  topcoats. 

Duplex  Coatins  over  Test  Patches  A,  B,  C 

Test  patches  A,  B,  and  C  were  all  prepared  similarly  with  the  exception  of  the  additive  into 
RTVll®.  The  mist  coat  was  prepared  by  first  mixing  Epon  828  resin  with  Versamid  140  cure 
(55/45)  for  15  minutes,  then  adding  100%  butanol  and  stirring  to  form  an  emulsion.  This  was 
mixed  for  1-1  %  hours  until  the  emulsion  went  clear,  at  which  time,  the  mixture  was  applied  at  1- 
3  mils  (Wet  Film  Thickness  (WET))  using  a  standard  airless  pump  (19:1)  with  a  415  tip. 

Approximately  45  minutes  after  the  application  of  the  mist  coat,  Silgan  J-501  was  prepared  and 
applied.  SF  69  (10%)  and  naphtha  (5%)  was  added  to  Silgan  J-501  and  was  mixed  by  hand.  The 
mixture  was  then  applied  over  a  tacky  mist  coat  at  10-12  mils  (WET)  using  a  43-1  airless  pump 
with  a  515  tip. 

Approximately  45  minutes  after  the  application  of  the  tiecoat  (Silgan  J-501),  RTVll®  plus  10% 
additives  was  applied  at  16-20  mils  (WET)  using  a  74:1  airless  pump  with  a  619  tip  (5-10% 
naphtha  was  added  to  aid  in  spraying).  Test  patch  A  was  coated  with  RTVll®  +  10%  SF1154 
silicone  oil.  Test  patch  B  was  coated  with  RTVll®  +  10%  DMSC15  (poly(dimethylsiloxane), 
carbinol  terminated).  Test  patch  C  was  coated  with  RTVll®  +  10%  DBE224 
((dimethylsiloxane)-ethylene  oxide)  block  copolymer). 

Duplex  Coatins  over  Test  Patches  D,  E 

Silgan  J-510  was  applied  directly  over  a  tacky  epoxy  approximately  2  'A  hours  after  the  epoxies 
were  applied  to  test  patches  D  and  E;  no  mist  coat  was  applied.  These  were  followed  a  half  an 
hour  later  with  RTVl  1®  +  10%  DMSC15  topcoat. 
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2.E.2 

APPLICATION  OF  GE  DUPLEX  FOUL  RELEASE  COATING  SYSTEM 
ON  USS  NEVADA  (SSBN  7331 

In  August  1998,  a  duplex  foul  release  coating  system,  manufactured  by  General  Electric  Company, 
was  applied  to  a  test  area  on  the  hull  of  USS  NEVADA  (SSBN  733)  during  refit  #40.  The 
application  was  performed  at  the  Trident  Refit  Facility,  Bangor,  Washington.  The  test  area  is 
located  about  mid-ship  on  the  port  side  and  measures  about  100  ft^  (10  ft  x  10  ft). 

Surface  preparation  for  all  test  areas  consisted  of  slurry  blasting  the  surface  to  a  near  white  metal 
finish  (SSPC-SP-10  according  to  "Standards  of  Surface  Finish"  published  by  the  Steel  Structures 
Painting  Council).  The  blast  media,  consisting  of  80%  Kleenblast  copper  slag  and  20%  Blastox  (to 
encapsulate  lead  paint),  was  mixed  with  water  and  sprayed  at  high  pressure  to  abrasively  remove 
paint  and  leave  a  profile.  Rust-Lick  B  (ITW  Fluid  Products  Group)  rust  inhibitor  was  injected  into 
the  blast  stream  to  prevent  flash  rusting.  The  complete  coating  system  beginning  with  the  first  coat 
applied  to  the  steel  hull  is  shown  in  Table  2.E.2.1  below. 

Table  2.E.2.I..  Foul-release  coating  system  (August  1998) 


Coat 

Coating  System 

Recommended 
DFT  (mils) 

lst-4th 

MlL-P-24441,  Type  Ill 

8-16 

5th 

Mist  coat  (two  components) 

Epon  828  epoxy  resin 

Miller-Stephenson  Chemical  Co. 

Batch  number  -  02-YHJ-47 

Versamid  140 

Miller-Stephenson  Chemical  Co. 

Batch  number  -  7M8789 

2-3 

6th 

RTV  Silicone  Dispersion  J501 

Wacker  Silicones  Corp. 

Lot  number  -  Z6NK-005, 
with  approximately  5%  SF69  oil 

10-12 

Topcoat 

RTVl  1  Silicone  Rubber  Compound 

GE  Silicones 

Batch  number  -  HE817, 

with  approximately  10%  DMSC15  oil 

14-18 

Wet  and  dry  bulb  temperatures  were  measured  using  a  sling  psychrometer  prior  to  application  of 
all  paints.  The  dew  point  was  calculated  tfom  the  wet  and  dry  bulb  temperatures.  Surface 
temperature  was  measured  using  a  surface  temperature  thermometer.  The  dew  points, 
corresponding  surface  temperatures,  and  relative  humidities  are  shown  in  Table  2.E.2.2  below. 
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Table  2.E.2.2.  Dew  points,  surface  temperatures,  and  relative  humidities. 


Date 

Time 

Coating 

Dew  Point 
(“F) 

Surface 

Temperature 

("F) 

Relative 

Humidity 

(%) 

1 1  August 

1755 

Mil-P-24441,  Type 
Ill,  Formula  151 

59 

65 

73 

1255 

Mist  Coat 

56 

74  * 

63 

1400 

J501  with  5%  SF69 

58 

64 

64 

(.i 

RTVll  with  10% 
DMSC15  oil 

60 

69 

60 

*Test  area  was  in  direct  sunlight. 


Table  2.E.2.2  shows  that  the  surface  temperature  always  exceeded  the  dew  point.  This  means  that 
no  moisture  was  present  on  the  surface  during  paint  application. 

The  three  coats  of  MlL-P-24441,  Type  Ill  epoxy  were  applied  by  TRF  Shop  71 A  personnel  under 
the  direction  of  Dan  Kolda  and  Kevin  Jones,  Shop  71A  Foremen.  All  coats  were  strained  after 
mixing  and  were  applied  using  airless  spray  equipment  (Graco  45:1  pump,  725  tip,  80-100  psi 
pressure  at  the  pump).  Wet  film  thickness  was  measured  by  the  applicator  to  ensure  proper 
thickness. 

In  all  test  areas,  all  coatings  beyond  the  first  three  coats  of  MlL-P-24441,  Type  111  epoxy,  were 
applied  by  Owen  Harblin,  a  General  Electric  Co.  technical  representative.  Tim  Burnell  and  Larry 
Wichelns,  General  Electric  Co.  and  technical  representatives,  were  also  on-site  during  the 
application. 

Mixing  of  Epon  828  resin  with  the  Versamid  140  curing  agent,  performed  by  General  Electric  Co. 
personnel,  was  a  meticulous  and  time-consuming  process.  When  first  mixed,  then  thinned  by  50% 
with  butanol,  the  solution  is  milky  rather  than  clear  and  transparent.  It  is  essential  that  the  solution 
be  clear  before  application.  Frequent  mixing  and  lengthy  waiting  periods  were  required  for  the 
solution  to  become  clear.  For  this  application,  the  mixing/waiting  period  was  about  1  hour  and  30 
minutes.  This  lengthy  procedure  would  definitely  present  a  problem  in  a  shipyard  production 
environment. 

The  Epon  828/Versamid  140  mist  coat  was  applied  using  an  electric  30:1  pump  and  a  315  tip. 
RTV  Silicone  Dispersion  J501  with  about  5%  SF69  oil  was  applied  using  43:1  pump  with  100  psi 
pressure  at  the  pump,  50  ft  of  line  with  3/8  in.  inside  diameter  (ID),  and  a  417  spray  tip  were  used. 
The  RTVl  1®  topcoat  with  10%  DMSC15  oil  was  applied  using  a  74:1  pump  with  100  psi  pressure 
at  the  pump,  50  ft.  of  line  with  1/2  in  ID,  and  a  613  spray  tip  were  used.  Application  of  the 
RTVl  1®  topcoat  with  10%  DMSC15  oil  was  characterized  by  spray  tip  clogs.  A  possible  solution 
for  spray  tip  clogging  is  a  larger  tip  size  or  variable  orifice  size. 
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Dry  film  thickness  was  measured  to  document  final  coating  thickness.  A  magnetic  DFT  gauge, 
calibrated  to  40  mils  was  used.  Table  2.E.2.3,  below,  shows  results  of  the  DFT  survey. 

Table  2.E.2.3.  DFT  data 


#Readings 

(mils) 

Average 

(mils) 

Standard 

Deviation 

Complete  System 

100 

35.5 

4.8 

46 

26 

Table  2.E.2.1,  presented  earlier  in  the  report,  shows  the  minimum  recommended  DFT  for  the 
total  system  to  be  34  mils.  DFT  data  shows  that,  on  the  average,  35.5  mils  were  applied  for  the 
total  system. 

Personnel  from  General  Electric  Co.  and  NSWCCD  inspected  the  100  ft  test  area  the  day 
following  final  coat  application.  The  finished  coating  system  had  the  appearance  of  extensive  runs. 
Overall,  the  coating  system  was  considered  to  be  in  good  condition  and  ready  for  exposure  testing. 

Panels  for  adhesion  testing  and  bilge  keel  panels  for  real-time  shipboard  exposure  testing  were 
prepared  at  the  same  times  as  coating  applications  on  the  submarine  hull. 

A  Standard  Coating  Application  Form,  developed  to  facilitate  increased  Quality  Assurance  (QA), 
was  completed. 
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To:  Biff  Williams,  Jim  Celia,  Judy  Stein 

From:  Kathryn  Truby,  Owen  Harblin,  Tim  Burnell,  John  Carpenter 
Date:  3  June  1998 

Subject:  Trip  report  on  the  painting  of  the  FIT  fouling-release  testing  boat 


The  opportunity  to  apply  the  Duplex  fouling  release  coating  system  to  Florida  Institute  of 
Technology’s  (FIT)  testing  boat  came  about  during  discussions  at  the  DARPA  review  meeting 
held  in  Melbourne,  Florida  at  the  end  of  March  1998.  The  need  for  an  intermediate-scale  real- 
world  application  became  clear,  not  only  for  additional  evaluation  of  the  fouling  release 
properties  of  the  best-performing  topcoat,  but  also  for  the  ability  to  evaluate  the  physical 
properties  of  this  system  in  a  carefully-controlled  environment.  Dr.  Geoff  Swain  offered  the  use 
of  fit’s  21  ft  long  fiberglass  boat  to  carry  out  power  trials,  drag  evaluations,  hydrodynamic 
testing,  and  barnacle  adhesion  measurements  on  the  coating  system. 

In  addition  to  using  this  intermediate-scale  application  for  topcoat  performance  evaluation,  this 
application  opportunity  was  used  to  compare  the  adhesion  performance  of  the  mistcoat- 
containing  Duplex  system  and  the  new  mistcoat-free  eoating  system.  The  mistcoat  elimination 
formulation  that  has  shown  the  best  adhesion  performance  in  the  lab,  Amerlock  400  epoxy 
containing  20  vol%  GE  SCM501C,  was  applied  in  place  of  the  mistcoat  on  the  port  side  of  the 
hull.  The  eurrent  Duplex  system  was  applied  to  the  starboard  side  of  the  hull. 

Sandblasting  of  the  boat  hull  to  remove  the  existing  coatings  was  performed  at  a  marina  in 
Melbourne  one  week  before  the  GE  team  arrived  for  the  application.  A  repair  to  the  fiberglass 
on  the  keel  just  forward  of  the  first  bloek  shift  repair  patch  was  also  done  by  FIT  prior  to  the 
arrival  of  the  GE  team.  The  sandblasting  pitted  the  surface  of  the  fiberglass;  about  5%  of  the 
surface  was  damaged  below  the  protective  gel  coat,  exposing  raw  fiberglass.  Even  though  the 
fiberglass  will  not  corrode  on  contact  with  water,  there  was  concern  that  one-coat  coverage  of  the 
epoxy  anticorrosive  paint  would  not  sufficiently  fill  the  pitted  surface.  Water  will  cause 
fiberglass  to  swell,  which  could  subsequently  cause  delamination.  Therefore,  two  base  coats  of 
unaltered  epoxy  were  applied  to  the  entire  hull. 

The  application  took  place  inside  a  building  owned  by  FIT  that  is  usually  used  for  storage  and 
the  development  of  alternative-fuel  cars.  The  application  conditions  and  additives  for  each  layer 
of  the  coating  system  are  shown  in  Figure  2.E.3.I.  Before  the  application  of  each  epoxy  layer, 
the  entire  hull  was  wiped  down  with  naphtha  to  remove  dust  and  moisture.  The  first  epoxy  base 
coat,  ivory  Amerlock  400,  was  applied  on  the  first  day  and  allowed  to  cure  overnight  before 
application  of  the  second  coat,  pearl  gray  Amerlock  400,  on  the  second  day. 
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Table  2.E.3.1  Application  formulations  and  conditions  of  the  Duplex  fouling  release  coating 
system  and  mistcoat-free  system  as  applied  to  the  FIT  testing  boat 


Application  Layer 

Date 

Temp.  (°F) 

RH  (%) 

WFT  (mil) 

5  gal  Amerlock  400  ivory  + 

1  pt  Ameron  #65  solvent 

5/26 

88 

56 

22-24 

2  gal  Amerlock  400  pearl  gray  + 

1  pt  Ameron  #65  solvent 

5/27 

77 

72 

14-16 

4  gal  Amerlock  400  pearl  gray  + 

1  gal  GE  SCM501C 

5/28 

85 

67 

12-14 
(Port  side) 

Vi  gal  Shell  Versamid  + 

Vi  gal  Shell  Epon  828  +  1  gal  butanol 

5/28 

85 

67 

2-3 

(Stbd  side) 

5  gal  Wacker  J-501  +  1  gal  GE  SF69 

5/28 

85 

67 

18-20 

5  gal  GE  RTVl  1  +  'A  gal  DMSC15  + 

A  gal  naphtha  +  30  ml  DBTDL 

5/28 

85 

67 

16-20 

500  gGE  SEA210A  + 

16mlGE  SCM501C 

5/29 

85 

65 

2-3 

Brushed 

450  ml  Wacker  J-501  + 

50  ml  GE  SF69 

5/29 

85 

65 

16-20 

Brushed 

3500  ml  GE  RTV11®  + 

350  ml  DMSC15  +  10  ml  DBTDL 

5/29 

85 

65 

18-20 

Brushed 

Insufficient  amounts  of  epoxy  were  available  to  complete  application  of  the  experimental 
mistcoat-free  system  on  the  morning  of  the  third  day,  so  application  did  not  start  until  that 
afternoon  when  a  pearl  gray  Amerlock  400  was  obtained  from  a  local  source.  A  curtain  of 
plastic  sheeting  was  hung  along  the  length  of  the  keel  with  vinyl  tape  to  allow  the  spraying  of  the 
experimental  formulation  and  mistcoat  on  the  same  day.  The  experimental  system,  Amerlock 
400  containing  20  vol%  GE  SCM501C,  was  applied  to  the  port  side  at  about  1:00  pm;  after 
approximately  one  hour,  mixing  of  the  mistcoat  was  begun  (to  ensure  sufficient  cure  on  the 
mistcoat-free  side).  The  mistcoat  was  applied  to  the  starboard  side  at  2:30  pm;  the  masking  was 
then  carefully  removed  and  mistcoat  was  rolled  along  the  keel  (to  an  approximate  2-3  mil  wet 
film  thickness)  so  no  repair  between  the  two  adhesion  systems  was  necessary.  Amerlock  400  + 
20%  SCM501C  sprayed  very  well  and  had  a  2-1/2  hour  window  for  the  subsequent  application 
of  J-501;  the  mistcoat  was  tack- free  in  twenty  minutes  and  required  the  immediate  application  of 
J-501. 


At  3:00  pm,  J501  was  applied  to  the  entire  hull;  the  first  coat  across  the  boat  was  sprayed  to  a 
wet  film  thickness  of  16-18  mils,  and  a  second  light  coat  was  applied  20  minutes  later  to  ensure 
that  any  pinholes  remaining  from  the  fiberglass  pitting  were  well-filled.  The  inclusion  of  SF69 
in  the  J501  continues  to  make  J501  easy  to  spray  at  high  ambient  temperatures. 

RTvii®  was  cured  with  only  one  tube  (30  ml)  of  dibutyltin  dilaurate  catalyst  to  five  gallons  (a 
typical  application  requires  2-3  tubes).  The  same  batch  of  RTVll®  as  was  shipped  for  this 
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application  was  used  to  prepare  exposure  panels  before  this  trip.  The  RTVl  1®,  which  was  mixed 
with  two  tubes  of  catalyst,  had  cured  in  only  45  minutes  and  clogged  the  pump.  Discussion  with 
Bob  Smith,  the  product  chemist  at  GE  Silicones  who  developed  RTVll®,  revealed  that  as  little 
as  y4  of  a  tube  (~21  ml,  0.1  wt%)  of  DBTDL  will  sufficiently  cure  five  gallons  of  RTVl  1®.  With 
the  dilution  of  added  oil  and  naphtha,  the  RTVl  1®  sprayed  easily  in  Melbourne  (using  a  619  tip 
and  74:1  air  pressure  ratio  pump),  coated  the  J501  well,  and  was  cured  by  the  next  morning. 
“Gel  balls”  appeared  in  the  spray  for  the  first  five  minutes,  making  coverage  uneven,  but  then  the 
spray  smoothed  out  and  produced  uniform  coverage  via  two  coats  across  the  entire  hull.  Drips  at 
edges  on  the  hull  were  smoothed  with  a  roller. 

The  GE  SEA210A/GE  SCM501C  repair  package  with  J501  and  RTVll®  was  used  to  repair  the 
block  shift  patches  the  next  day.  Only  four  small  patches  needed  to  be  repaired:  two  at  the  keel 
and  one  on  each  side,  about  halfway  back,  where  the  boat  had  rested  on  supports.  Each  spot  was 
wiped  down  with  naphtha  and  brushed  with  a  thin  layer  of  SEA210A/SCM501C.  After  the 
silicone  was  tack- free,  J501  was  brushed  over  the  areas  of  epoxy  that  had  had  no  J501.  When 
the  J501  was  cured  all  the  way  through  (not  merely  skinned  over),  RTVl  1®  was  brushed  on  and 
any  drips  were  smoothed. 

The  coating  system  was  allowed  to  cure  for  at  least  one  week  before  the  boat  was  launched. 
Although  dock  damage  to  the  hull  eoating  is  not  an  issue  (the  boat  bumps  the  dock  at  a  high 
enough  point  that  the  lower  hull  never  makes  eontaet),  it  has  been  agreed  to  occasionally  reverse 
the  boat’s  doeking  position  to  avoid  fouling  bias  due  to  differences  in  light  on  either  side  of  the 
boat.  Power  trials  are  expeeted  to  take  plaee  in  September  or  October  1998. 


Many  thanks  to  the  FIT  team  (Geoff,  Brett,  Ronan,  and  Bill),  who  were  a  terrific  help  with 
everything  from  the  masking  to  obtaining  epoxy  to  handling  the  chemical  waste  and  packing  up 
the  heavy  spraying  equipment. 
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2.£j.4 

To:  Biff  Williams,  Greg  Gillette 
From:  Christina  Darkangelo-Wood 
Date:  1  February  2000 

Subject:  Trip  report  on  the  application  of  the  GE/Sigma  fouling  release  system 
Summary 

A  19  ft  private  vessel  anchored  at  FIT  anchorage  was  chosen  as  the  second  small-scale 
validation/demonstration  platform  for  DARPA  sponsored  fouling  release  program.  The 
objective  of  the  application  was  validation  of  the  adhesion  of  the  fouling  release  system  to  the 
hull  prior  to  the  large-scale  validation  scheduled  for  fall  2000.  The  application  occurred  Jan  17- 
22  in  Melbourne,  Florida.  The  Sigma/GE  silicone  fouling  release  coating  was  applied  to  the  19’ 
McKee  power  boat  by  the  GE  CRD  team  (Christina  Darkangelo-Wood,  Owen  Harblin,  Judy 
Stein,  with  the  assistance  by  a  representative  from  NSWC  (Tom  Radacovich).  In  addition,  Mike 
Winter  from  Sigma  Paint  was  present  during  application  of  the  epoxy  paint.  A  summary  of  the 
application  conditions,  wet  film  thickness  (WFT)  and  application  parameters  are  given  in  Tables 
2.E.4.1  and  2.E.4.2.  The  coating  adhesion  and  performance  will  be  monitored  by  the  owner  and 
our  team  at  FIT  over  the  next  few  months. 

Detailed  Summaries 

Before  arrival  of  the  application  team,  Tom  Hayman  (the  boat  owner)  sandblasted  the  hull  to 
remove  the  existing  coating  in  preparation  for  the  coating  application. 

Day  1:  Boat  Preparation  and  Sigma  primer  application. 

The  boat  was  hung  from  a  crane  and  turned  over,  so  that,  application  was  simplified  and  blocks 
were  not  necessary.  Sandblasting  of  the  hull  had  not  completely  removed  all  the  anti  corrosion 
paint.  Spot  scraping  and  hand  sanding  with  course  sandpaper  removed  the  remaining  antifouling 
paint.  Grit  and  dust  were  removed  using  a  stream  of  compressed  air.  Areas  of  the  boat  which 
were  not  scheduled  to  be  painted  were  protected  from  overspray  by  masking.  (Figure  2.E.4.1) 


Figure  2.E.4.I.  The  boat  prior  to  application 
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After  masking  was  complete,  the  Sigma  primer  was  applied.  The  metallic  green  primer  was 
mixed  according  to  the  Sigma  Tech  Sheets  (3:1  base  to  hardener  ratio  with  5  %  Sigma  91-92 
solvent)  and  then  applied  using  airless  spray  equipment  (Figure  2.E.4.2).  This  layer  was  allowed 
to  dry  overnight. 


Figure  2.E.4.2.  The  boat  after  application  of  Sigma  primer 


Day  2:  Application  of  the  Sigma  Multiguard  and  on-site  determination  of  optimum  catalyst 
concentration  for  the  GE  topcoat. 

Overnight  dew  formed  on  the  coating;  this  moisture  was  wiped  off  with  clean  rags  and  the  boat 
was  allowed  to  air  dry  before  the  next  layer  of  coating  was  applied.  The  Sigma  Multiguard  was 
mixed  according  to  Sigma  Tech  sheets  (3.22  gal  of  base  to  1  gal  hardener  (mixed  whole  kit)  +  5 
%  Sigma  91-92  solvent)  with  assistance  from  Mike  Winter  (Sigma  staff)  on  site  for  the  day.  The 
Multiguard  was  applied  with  airless  spray  equipment  and  allowed  to  cure  over  night.  The 
application  plan  was  discussed  with  Mike  Winter  who  recommended  a  24  hour  overcoat  interval 
for  the  tielayer  to  ensure  adhesion  of  tielayer  to  epoxy  based  on  data  received  from  Sigma 
(Europe).  Another  consideration  was  the  short  application  window  each  day.  The  team  decided 
that  one  coating  per  day  would  be  the  most  prudent  plan. 


Previous  laboratory  experiments  showed  that  the  bulk  curing  rate  of  the  topcoat  was  significantly 
shorter  than  the  tack  free  time  of  thin  films.  In  addition,  the  tack  free  time  of  the  topcoat  was 
increased  when  the  topcoat  was  applied  over  the  Sigma  tiecoat  relative  to  application  over  bare 
aluminum.  The  optimum  catalyst  level  in  which  potlife  was  maximized  and  tack  free  time  was 
minimized  was  determined  at  the  application  site. 


A  summary  of  all  on  site  catalyst  concentration  testing  can  be  found  in  Table  2.E.4.3. 
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Figure  2.E.4.3.  The  boat  after  application  of  the  Sigma  Multiguard 


Day  3:  Application  of  Sigma  Tielayer  and  further  catalyst  testing. 


Moisture,  which  had  settled  overnight  on  the  boat,  was  removed  and  the  surface  allowed  to  air 
dry  before  application  of  the  tielayer.  The  tielayer  was  mixed  according  to  Sigma  Tech  sheets 
(93:7  base:  hardener  (one  5  gal  kit  was  used)  +  5  %  Sigma  21-20  solvent).  The  tielayer  was 
applied  using  a  40:1  airless  pump  (Figure  4).  A  tarp  was  suspended  over  the  boat  to  protect  the 
coating  overnight. 


Additional  catalyst  concentration  experiments  were  performed  to  determine  the  appropriate 
catalyst  level  to  provide  a  3-4  hour  cure  time  over  Sigma  Tielayer  with  a  pot  life  of  30-40 
minutes. 


Figure  2.E.4.4.  The  boat  after  application  of  the  Sigma  tielayer 


Day  4:  Application  of  GE  topcoat. 

The  tarp  was  removed  and  the  surface  was  wiped  and  allowed  to  dry.  The  RTVl  1®  formulation 
and  catalyst  loading  was  tested  to  determine  the  pot  life  under  the  current  conditions.  The 
chosen  catalyst  concentration  of  3.4  ounces/5  gallons  gave  a  work  window  of  30  minutes.  Five 
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gal  of  RTV 11®  was  mixed  with  V2  gal  of  SFl  147  oil  and  1  gal  of  naphtha  followed  by  3.4  ounces 
of  catalyst  and  mixed  for  4-5  minutes.  The  pump  was  then  primed  with  naphtha  and  the  coating 
formulation  placed  in  the  feed  tank.  The  coating  was  applied  with  a  45:  1  airless  pump  (Figure 
2.E.4.5).  The  tarp  was  redeployed  over  the  coating  to  protect  from  any  rain  or  debris. 


Figure  2.E.4.5.  The  boat  after  application  of  GE  RTVl  1®  +  SFl  147 


Day  5:  Masking  removal. 


The  tarp  was  removed  and  the  masking  stripped  from  the  boat  (Figures  2.E.4.6  and  2.E.4.7). 
The  coating  was  allowed  to  cure  for  7  days  prior  to  redeployment. 


Figures  2.E.4.6.  and  2.E.4.7.  Complete  coating  application  after  the  removal  of  the  masking 


Table  2.E.4.I.  Environmental  conditions  and  wet  film  thickness  for  coating  layer 

Surface  Relative  Wft 
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Dew  Point 

Temp 

Humidity 

(mils) 

(”F) 

("F) 

(%) 

Day  1 

Sigma  Green  Primer 

55 

74 

65 

5-6 

Day  2 

Sigma  Red-brown  epoxy 

57 

79 

50 

5-6 

Day  3 

Sigma  Tiecoat 

62 

70 

90 

10-12 

Day  4 

RTVll® 

64 

80 

81 

13-14 

Table  2.E.4.2.  Airless  spray  equipment 

used  for  each 

1  coating  layer 

Line  Specs 

Tip  Size 

Pump 

(Length;  Inside 

(in.) 

Ratio 

Diameter  (ID)) 

Day  1 

Sigma  Green  Primer 

0.019 

30:1 

50  ft.;  3/8  in.  ID 

Day  2 

Sigma  Red-brown  epoxy 

0.019 

30:1 

50  ft;  3/8  in.  ID 

Day  3 

Sigma  Tielayer 

0.019 

40:1 

50  ft;  3/8  in.  ID 

Day  4 

RTVll® 

0.017 

45:1 

50  ft;  1/2  in.  ID 

On  site  testin2  for  the  determination  of  cure  sveeds  of  RTVll®  topcoat 
On  1/18  the  Sigma  Tielayer  was  mixed  according  to  tech  sheets  (93  ml  base  with  7  ml  hardener 
+  5  ml  Sigma  21-20  solvent)  and  applied  to  metal  coupons  with  drawdown  cards  (doctor  blades) 
to  a  wft  of  10-12  mils.  The  overcoat  interval  was  2  hours  and  24  hours.  The  cure  times  of  the 
topcoat  were  not  changed  by  the  difference  in  the  overcoat  interval. 


Table  2.E.4.3  .  Summary  of  the  cure  experiments  carried  out  on  site 


Date 

RTVll® 

ml 

SF1147 

ml 

Naphtha 

ml 

DBTDL 

catalyst 

pi 

Tim 

e  to 

gel 

min 

Tack 

free 

over 

metal 

Tack 

free 

over 

tielayer 

1/18 

50 

5 

2.5 

250 

45 

2  hr  50 
min 

5  hr 

1/18 

50 

5 

2.5 

370 

30 

2  hr  20 
min 

4  hr  15 
min 

1/19 

50 

5 

10 

300 

40 

4  hr  30 
min 

1/19 

50 

5 

10 

370 

40 

3  hr  30 
min 

1/20 

30 

3 

6 

180 

45 
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To:  Biff  Williams,  Greg  Gillette 
From:  Christina  Darkangelo  Wood 
Date:  4  August  2000 

Subject:  Trip  report  small-scale  validation  (July  24-28) 

Summary 

A  24  ft  private  vessel  at  FIT  anchorage  was  chosen  as  a  small  scale  validation/demonstration 
platform  for  DARPA  sponsored  fouling  release  program.  The  objective  of  the  application  was 
validation  of  the  adhesion  of  the  fouling  release  system  to  the  hull  prior  to  the  large-scale 
validation  scheduled  for  fall  2000.  The  application  took  place  the  week  of  July  24-28  in 
Melbourne,  Florida.  The  “new”  GE  silicone  fouling  release  coating  was  applied  to  the  24  ft 
Oldfield  power  boat  by  the  GE  CRD  team  (Christina  Darkangelo  Wood,  Owen  Harblin,  Jim 
Resue)  with  assistance  from  a  representative  from  NSWC  (Tom  Radacovich).  A  summary  of  the 
application  conditions,  wet  film  thickness  (wft)  and  application  parameters  are  given  in  Tables  1 
and  2.  The  boat  will  be  deployed  by  its  owner  7  days  after  the  application  of  the  topcoat.  The 
owner  and  our  team  at  FIT  will  monitor  the  coating  adhesion  and  performance  over  the  next  few 
months. 

Detailed  Summaries 

A  GE  fouling  release  coating  was  applied  to  this  boat  in  June  2000.  The  coating  adhesion  was 
questionable  and  it  was  decided  that  the  team  would  strip  the  old  coating,  blast  the  surface,  and 
then  apply  a  new  coating  which  would  consist  of  1  layer  of  epoxy,  the  SEA/SCM  tiecoat  and  the 
RTVll  +  10%  SF1147  topcoat 

Day  1:  Surface  Preparation  and  masking 

The  boat  placed  on  blocks  and  supported  by  a  crane.  The  team  pulled  off  loosely  adhering  areas 
of  SEA/SCM  tiecoat  and  RTVl  1  topcoat  (Figure  2.E.5.1).  The  remaining  small  areas  of  tightly 
adhering  SEA/SCM  tiecoat  and  RTV 1 1  topcoat  were  removed  by  hand  scraping  and  wiping  with 
toluene.  The  entire  hull  was  then  hand  wiped  with  toluene.  This  was  followed  by  sand  blasting 
with  course  sand  to  remove  or  roughen  the  topcoat  of  epoxy  paint.  Spot  hand  sanding  with  50 
grit  sandpaper  feathered  isolated  areas  of  “deeper  blasting”.  The  entire  underwater  hull  was  then 
hand  wiped  with  toluene  again.  The  boat  was  masked,  to  protect  areas  that  were  not  being 
coated,  starting  at  the  waterline  (Figure  2.E.5.2). 
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Figure  2.E.5.I.  The  boat  after  removal  of  old  coating  and  masking 


Figure  2.E.5.2.  The  boat  after  sand  blasting  and  toluene  surface  preparation 

Day  2:  Application  of  the  epoxy  layer 

The  surface  of  the  boat  inspected  to  ensure  that  the  surface  was  free  from  moisture.  The 
Amerlock  400FD  gray  epoxy  was  mixed  according  to  the  Tech  Sheets  (1:1  base  to  hardener  ratio 
with  5  %  lacquer  thinner)  and  then  applied  using  airless  spray  equipment  (Figure  2.E.5.3).  This 
layer  was  allowed  to  dry  overnight. 
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Figure  2.E.5.3.  The  boat  after  applieation  of  the  gray  epoxy 

Day  3:  Application  of  GE  Tiecoat 

The  surfaee  of  the  boat  inspected  to  ensure  that  the  surface  was  free  from  moisture  prior  to  the 
application  of  the  next  layer  of  coating.  Small-scale  mixing  tests  were  performed  for  the 
SEA/SCM  tiecoat  (Table  2.E.5.3).  The  SEA/SCM  tiecoat,  was  mixed  in  two  batches  due  to  the 
hot  weather  and  the  short  pot  life  of  the  coating.  The  tielayer  was  applied  using  a  40:1  airless 
pump  (Figure  2.E.5.4).  A  tarp  was  strung  over  the  boat  after  the  coating  was  applied  to  protect  it 
from  the  elements  (rain).  The  tiecoat  was  tackfree  in  1  hr. 


Figure  2.E.5.4.  The  boat  after  application  of  the  GE  tiecoat 

Day  4:  Application  of  GE  topcoat 

The  tarp  was  removed  and  the  surface  of  the  boat  inspected  to  ensure  that  the  surface  was  free 
from  moisture  prior  to  the  application  of  the  next  layer  of  coating.  Small-scale  mixing  tests  were 
performed  to  confirm  the  pot  life  of  the  RTVll.  The  chosen  catalyst  concentration  of  1.7 
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ounces/4  gallons  gave  a  work  window  of  60  minutes.  4  gal  of  RTVl  1  was  mixed  with  0.4  gal  of 
SFl  147  oil  and  0.8  gal  of  naphtha  followed  by  1.7  ounces  of  catalyst  and  mixed  for  4-5  minutes. 
The  pump  was  then  primed  with  naphtha  and  the  coating  formulation  fdtered  and  poured  into  the 
feed  tank.  The  coating  was  applied  with  a  74:  1  airless  pump. 

Day  5:  Masking  removal 

The  masking  was  removed  from  the  boat.  No  block  shifts  were  done  on  this  boat  (Figure 
2.E.5.5).  The  coating  was  allowed  to  cure  for  7  days  and  then  the  boat  will  be  deployed  and  the 
adhesion  and  coating  performance  will  be  monitored  by  the  owner  and  personnel  at  FIT. 


Figures  2.E.5.5.  Complete  coating  application  after  the  removal  of  the  masking 


Dew  Point 
("F) 

Surface 

Temp 

("F) 

Relative 

Humidity 

(%) 

Wft 

(mils) 

msa 

Amerlock  400  (gray) 

81 

94/88* 

87 

10-12 

msa 

SEA/SCM  Tie  Coat 

78 

91/88* 

85 

16-18 

mmM 

RTV-11  +  10%  SFl  147 

75 

93  /  80* 

89 

16-18 

The  first  temperature  is  for  sunny  surfaces.  The  second  is  for  sur 


aces  in  the  shade. 
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T able  2.E.5.2  Airless  spray  equipment  used  for  each  coating  layer 


Tip  Size 
(in.) 

Pump 

Ratio 

Line  Specs 
(Length;  Inside 
Diameter  (ID)) 

Day  2 

Amerlock  400  (gray) 

0.019 

30:1 

50  ft;  3/8  in.  ID 

SEA/SCM  Tie  coat 

0.021 

40:1 

50  ft;  3/8  in.  ID 

Day  4 

RTV-11  +  10%SF1147 

0.017 

74:1 

50  ft;  1/2  in.  ID  +  6  ft; 
3/8  in.  ID  (whip) 

Table  2.E.5.3.  Pot  life  of  SEA/SCM  tiecoat 


Retarder  % 

Pot  life  (min) 

Temp  ”F 

Humidity  (%RH) 

Sample  1 

20 

35 

90 

89 

Sample  2 

25 

40 

90 

89 
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From:  Christina  Darkangelo  Wood 
Date:  3  September  2001 

Subject:  Trip  report  full  scale  application  of  repair  and  recoat  package  (July  30-Aug  1) 

Summary 

A  19  ft  T-Craft  operated  by  Geoff  Swain’s  group  at  FIT  was  chosen  as  a  demonstration  platform 
for  the  GE  repair  and  recoat  package.  The  objective  of  the  application  was  demonstrate  the  use 
of  the  repair  and  recoat  package  over  an  older  fouling  release  coating.  The  T-Craft  had  been 
coated  with  the  GE/NRL  duplex  system  with  RTVl  1®  +  DMSC15  topcoat  in  1998.  The  repair 
and  recoat  application  took  place  July  30-Aug  1,  2001  in  Melbourne,  Florida.  The  boat  was 
deployed  5  days  after  the  application  of  the  topcoat.  The  team  at  FIT  will  monitor  the  coating 
adhesion  and  performance  over  the  next  few  months. 

Detailed  Summaries 

A  GE  fouling  release  coating  was  applied  to  this  boat  in  June  1998.  This  coating  performed 
well,  however  there  has  been  some  decrease  in  the  topeoat  performance.  This  platform  allowed 
us  to  validate  the  reeoat  and  repair  paekage  and  applied  the  GE  downseleeted  topcoat.  The 
coating  that  was  applied  over  the  existing  eoating  eonsisted  of  the  SEA210A/SCM501C  repair 
and  reeoat  (tieeoat)  and  the  RTVl  1®  +  10%  SFl  147  topeoat.  Three  days  prior  to  the  application 
the  boat  was  removed  from  the  water  and  pressure  washed. 

Day  1 :  Surfaee  preparation,  masking,  and  applieation  of  repair  and  reeoat  package. 

The  boat  plaeed  on  bloeks  and  the  waterline  masked.  The  older  coating  showed  some  cuts  to  the 
epoxy,  fish  bites,  and  J501  however  95%  of  the  topeoat  was  still  intact  (Figure  2.E.6.1).  Next, 
the  old  eoating  was  wiped  with  V  M  &  P  Naphtha  to  further  clean  the  surface.  The  repair  and 
reeoat  paekage  was  mixed.  SEA210A  was  eombined  with  20%  by  weight  Sherwin  Williams 
Retarder  thinner  and  15%  by  weight  V  M  &  P  Naphtha.  The  V  M  &  P  Naphtha  was  colored 
with  solvent  blue  pigment  to  enhanee  the  eontrast  and  ensure  good  coverage.  SCM501C  at  3% 
by  weight  was  added  to  the  SEA210  after  the  solvents  had  been  incorporated.  The  final  mixture 
was  applied  to  the  boat  using  standard  paint  rollers  with  14”  nap  (Figure  2.E.6.2).  The  wet  film 
thickness  of  this  layer  was  8-12  mils. 
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Figure  2.E.6.2.  The  boat  after  the  application  of  the  repair  and  recoat  package 


Day  2:  Application  of  the  topcoat. 

The  surface  of  the  boat  inspected  to  ensure  that  the  repair  and  recoat  package  had  cured 
overnight.  The  RTVl  1®  was  mixed  with  10%  by  volume  of  SFl  147  oil  and  5%  by  volume  V  M 
&  P  Naphtha  followed  by  0.5%  by  volume.  The  coating  was  applied  with  standard  paint  rollers 
with  14”  nap  (Figure  2.E.6.3).  The  wet  fdm  thickness  of  the  topcoat  was  10-12  mils. 
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Figure  2.E.6.3.  Application  of  the  topcoat 


Day  3;  Block  shifts 


The  boat  was  shifted  on  the  blocks  allowing  for  the  coating  under  the  blocks  to  be  recoated.  The 
repair  and  recoat  was  prepared  as  described  above  and  applied  using  2”  brushes.  The  coating 
was  allowed  to  cure  until  it  was  tackffee  (1  hr  and  30  min).  Then  the  topcoat  was  mixed  as 
described  above  and  applied  with  a  brush.  The  boat  was  then  placed  back  on  the  trailer  and  will 
be  allowed  to  cure  for  5  days  before  being  deployed. 


Figure  2.E.6.4.  Complete  coating  application 
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Appendix  2.F  Reports  from  hydrodynamic  boat  trails 

CCBC-99-GE-TCRAFT-1  March  1999 


The  performance  of  the  21  foot  T-Craft  coated  with  GE  RTVll  +  DMSC15 
and  DBTDL  fouling-release  bottom  coat. 

Exposure  Period:  June  1998  to  February  1999 

Prepared  for:  Judy  Stein  and  Jim  Celia 

GE  Corporate  Research  and  Development  Center 
1  River  Rd,  PO  Box  8,  Building  K-1,  Rm  4A49 
Schenectady,  NY  12301 


Prepared  by:  Geoffrey  Swain,  Brett  Kovach,  Chris  Kavanagh,  Angela  Cook  and  Ronan 

Quinn 

Oceanography  and  Ocean  Engineering  Program 
Florida  Institute  of  Technology 
Melbourne,  FL  32901 
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Executive  Summary 

In  May  1998,  the  22  ft  T-Craft  power  boat  (operated  by  the  Center  for  Corrosion  and  Biofouling 
Control,  Florida  Institute  of  Technology)  was  coated  with  the  General  Electric  RTVll®  +  10% 
DMSC15  oil  Duplex  fouling  release  coating.  The  boat  was  placed  in  the  water  on  15  June  of 
1998,  and  monitored  for  bio  fouling  and  powering  efficiency. 

The  coating  performed  very  well.  The  fouling  communities  which  developed  on  this  coating 
were  much  reduced  when  compared  to  normal  non-toxic  surfaces.  Slime  fouling  was  fairly 
heavy  around  the  waterline  and  would  require  regular  cleaning  with  a  brush  to  keep  clean.  Most 
of  the  marine  growth  became  detached  when  the  boat  reached  high  speeds  (28  knots). 

Performance  penalties  due  to  fouling  were  measured  during  the  powering  trials.  The  maximum 
percent  increase  in  propeller  rpm  (compared  to  the  clean  hull  condition)  measured  due  to  fouling 
was  about  14%.  This  was  reduced  to  less  than  6%  after  the  boat  had  run  for  a  short  period  at 
high  speed  and  self  cleaned. 

Cleaning  and  maintenance  of  the  boat  hull  were  extremely  easy,  with  all  forms  of  fouling  being 
easily  removed  by  a  light  brush.  The  overall  physical  condition  of  the  coating  was  excellent, 
however,  the  coating  had  received  some  cuts  in  the  bow  area  during  launching  and  retrieval  with 
the  boat  trailer. 
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1.0  Background 

The  Center  for  Corrosion  and  Biofouling  Control  at  the  Florida  Institute  of  Technology  (FIT) 
uses  a  22’  T-Craft  power  boat  for  its  operations  in  the  Indian  River  Lagoon,  Florida  (Figure 
2. F.  1.1.1).  In  March  1998,  it  was  decided  to  use  this  vessel  as  a  test  platform  for  the  RTVl  1  + 
10%  DMSC15  oil  fouling-release  coating  developed  by  General  Electric  (GE).  The  boat  was 
removed  from  the  water  in  May  1998  and  the  hull  sand  blasted  to  remove  the  existing  copper 
based  antifouling  system.  The  boat  was  washed  and  moved  under  cover  where  a  team  from  GE 
applied  the  fouling  release  coating  according  to  the  specification  shown  in  Table  2. F.  1.1.1.  The 
coating  was  applied  between  26  to  28  May  1998.  The  coating  was  allowed  to  cure  and  the  boat 
launched  15  June  1998. 


Figure  2.F.  1 .1.1  22  T-Craft  with  GE  fouling-release  bottom  coat. 


The  fouling  release  performance  of  this  coating  had  been  evaluated  at  the  Florida  Institute  of 
Technology  Static  Immersion  Site  and  the  hard  fouling  adhesion  properties  are  shown  in  Table 
2.F.I.I.2. 
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Table  2.F.1.1.1 


Coating  specifications  for  the  T-craft 


Application  Layer 

Date 

Temp.  (°F) 

RH  (%) 

WFT  (mil) 

Barrier  Coats 

5  gal  Amerlock  400  ivory  +  1  pt  naphtha 

5/26 

88 

56 

22-24 

2  gal  Amerlock  400  pearl  gray  +  1  pt  naphtha 

5/27 

77 

72 

14-16 

Mist  Coats  (port  and  starboard  side  were  different) 

4  gal  Amerlock  400  pearl  gray  +  1  gal  GE  SCM501C 
(port  side) 

5/28 

85 

67 

12-14  (port) 

'A  gal  Shell  Versamid  +  'A  gal  Shell  Epon  828  +  1  gal 
butanol  (starboard  side) 

5/28 

85 

67 

2-3  (stbd) 

Tie  Coat 

5  gal  Wacker  J-501  +  1  gal  GE  SF69 

5/28 

85 

67 

18-20 

Fouling  -  Release  Coat 

5  gal  GE  RTVl  1®  +  '/a  gal  DMSC15  +  'A  gal  naphtha  + 
30  ml  DBTDL 

5/28 

85 

67 

16-20 

Patch  Coats 

500  g  GE  SEA210A  +  6  ml  GE  SCM501C 

5/29 

85 

65 

2-3 

450  ml  Wacker  J-501  50  ml  GE  SF69 

5/29 

85 

65 

16-20 

3500  ml  GE  RTVll®  -t  350  ml  DMSC15  +  10  ml 
DBTDL 

5/29 

85 

65 

18-20 

Table  2.F.1.1.2Hard  fouling  adhesion  data  obtained  from  panels  immersed  at  the  FIT  static 
immersion  site. 


Organism 

Average  (psi) 

SD  (psi) 

n 

Balanus  eburneus 

3.53 

2.43 

87 

Hy  dr  aides  sp. 

22.93 

8.36 

52 

Oyster 

13.78 

3.49 

43 

2.0  Instrumentation 

The  boat  was  instrumented  to  measure  speed  over  the  ground,  speed  through  the  water,  engine 
revolutions  per  minute  (rpm),  and  engine  fuel  consumption  in  gallons  per  minute  (gpm)  using  the 
instrumentation  shown  in  Table  2.F.  1.2.1. 


Table  2.F.1.2.1  Instrumentation  for  power  trials. 


Data 

Item 

Model  # 

Speed  over  the  ground 

Garmin  GPS  111 

403850 

Speed  through  the  water 

West  Marine  Speed  100 
Speed/Log/Temp 

266827 

Engine  rpm  and  fuel  consumption 

FloScan  Series  8000  Fuel 
Computer 

8000-264-lP 
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3.0  Method 

The  following  procedure  was  used  to  assess  the  skin  friction  and  fouling  release  properties  of  the 
coating.  Power  trials  were  only  performed  on  days  when  the  wind  speed  was  less  than  5  knots. 

•  Fill  fuel  tanks  to  capacity. 

•  Motor  at  less  than  4  knots  to  power  trial  area  (less  than  two  miles). 

•  Perform  underwater  video  inspection  of  hull. 

•  Run  power  trials,  starting  at  about  2  knots.  Maintain  speed  for  2  minutes.  Monitor  speed, 
rpm  and  gpm.  Increase  speed  and  repeat  data  collection  up  to  speeds  of  about  25  knots. 

•  Run  the  boat  at  top  speed  (about  28  knots)  for  10  minutes. 

•  Perform  underwater  video  inspection  of  hull. 

•  Run  power  trials,  starting  at  about  2  knots.  Maintain  speed  for  2  minutes.  Monitor  speed, 
rpm  and  gpm.  Increase  speed  and  repeat  data  collection  up  to  speeds  of  about  25  knots. 

•  Analyze  the  video  data  to  estimate  biofouling  cover. 

•  Analyze  the  boat  power  data  to  estimate  drag. 

4.0  Boat  Operating  History 

The  boat  is  used  for  regular  research  activities  in  the  Indian  River  Lagoon.  Table  2. F.  1.4.1 
summarizes  the  operating  schedule  over  the  past  6  months. 


Table  2.F.1.4.1  Boat  operating  schedule  since  GE  coating  application 


Date 

6/15/98 

Boat  launched. 

6/23/98 

Hull  cleaned  and  first  power  trial. 

6/25/98 

Foil  testing,  run  for  4  hours  (0  to  25  knots). 

7/1/98 

Foil  testing,  run  for  4  hours  (0  to  25  knots). 

7/2/98 

Panel  inspection  and  cage  maintenance.  1  hour  (20  knots). 

7/9/98 

Out  of  water  inspection  of  boat. 

7/17/98 

Power  trials. 

8/4/98 

Foil  testing,  run  for  4  hours  (0  to  25  knots). 

8/7/98 

Foil  testing,  run  for  4  hours  (0  to  25  knots). 

8/22/98 

Attempted  power  trials,  postponed  due  to  weather. 

9/1/98 

Attempted  power  trials,  camera  flooded. 

9/10/98 

Attempted  power  trials,  postponed  due  to  weather. 

10/9/98 

Inspection  and  cage  maintenance.  1  hour  (20  knots). 

10/30/98 

Power  trials  and  platform  maintenance. 

11/20/98 

Panel  inspection  and  cage  maintenance.  1  hour  (20  knots). 

11/23/98 

Boat  maintenance.  20  minutes  (25  knots). 

12/22/98 

Panel,  boat  and  cage  inspection.  1  hour  (20  knots). 

12/23/98 

Take  boat  out  of  water  for  outboard  service. 

1/13/99 

Return  boat  to  water. 

1/29/99 

Inspection  and  cage  maintenance.  1  hour  (20  knots). 

2/18/98 

Remove  boat  from  water  for  hull  modifications  to  improve  foil  data  collection. 
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5.0  Boat  Powering  and  Biofouling  Data 

There  have  been  three  successful  power  trials  since  the  GE  fouling  release  coating  was  applied  at 
the  end  of  May  1998.  These  are  as  follows: 

•  23  June  1998,  clean  hull  baseline  power  data. 

•  17  July  1998,  fouled  hull  and  hydrodynamically  self  cleaned  hull  power  data. 

•  30  October  1998,  fouled  hull  and  hydrodynamically  self  cleaned  hull  power  data. 

Boat  powering  data  are  presented  as  propeller  revolutions  per  minute  (rpm)  versus  boat  speed 
(knots).  The  data  obtained  for  the  23  June  clean  hull  run  was  used  as  the  baseline  from  which  to 
compare  the  performance  of  the  hull  in  the  fouled  and  hydrodynamically  self  cleaned  conditions. 
Third  order  polynomials  were  run  on  the  rpm  vs.  boat  speed  curves.  From  the  curve  fit  equations 
the  performance  data  are  presented  as  percentage  change  in  rpm  from  the  clean  hull  condition. 
Because  the  boat  is  a  planing  hull,  there  will  rarely  be  an  exact  match  of  rpm  and  boat  speed, 
however,  the  data  clearly  show  differences  in  performance  due  to  biofouling. 

The  biofouling  data  were  obtained  by  analyzing  the  underwater  videos  of  the  boat  hull.  The 
videos  were  taken  in  combination  with  a  measuring  tape  and  so  the  exact  location  on  the  hull 
was  known.  The  video  was  made  along  the  length  of  the  hull  for  each  of  the  four  chines  per  side 
and  the  water  line.  Biofouling  was  assessed  for  every  one-foot  length  of  hull.  The  light  and 
heavy  slime  films  were  assessed  as  percent  cover.  The  final  figures  represent  the  average  percent 
cover  of  the  hull  surface.  The  barnacle  and  tubeworm  cover  were  assessed  by  estimating  the 
number  of  individuals  present.  The  final  data  are  presented  as  estimated  total  numbers  of 
individuals  at  each  foot  along  the  hull.  It  must  be  emphasized  that  the  biofouling  data  are 
estimates  and  not  exact  numbers. 

5.1  23  June  1998 

On  23  June  1998,  the  hull  was  totally  cleaned,  and  a  baseline  power  trial  run.  The  power  curve 
is  shown  in  Figure  2. F.  1.5.1  and  provides  the  baseline  from  which  further  power  trials  are 
compared. 
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Figure  2. F.  1.5.1  Power  data  (23  June  1998) 
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5.2  17  July  1998 

On  17  July  1998,  the  first  power  trial  was  run  with  a  lightly  fouled  hull  (Figures  2. F. 1.5. 2  and 
2.F.  1 .5.3).  The  fouling  consisted  of  light  and  heavy  slime  films,  tubeworms  and  a  few  barnacles 
(Figures  2. FI. 5.4  to  2. FI. 5.1 1).  The  biofilms  resulted  in  an  increase  in  drag.  After  running  the 
boat  at  28  knots  for  10  minutes,  most  of  the  fouling  had  been  removed  by  hydrodynamic  forces 
and  the  power  required  for  propulsion  returned  to  that  of  the  clean  boat. 


Table  2.F.1.5.1  Third  order  polynomial  regression  data 


Hull  Condition 

3'^“  Order  Polynomial  Regression 

Fouled 

y  =  0.3598X-'  -  16.712x"  +  353.71x 

Self  Cleaned 

y  =  0.3455x^  -  15.226x"  +  324.67x 

Clean 

y  =  0.3579x^  ~  16.288x"  +  337.52x 

0.995 
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Boat  Speed  ^knots) 

Figure  2. F.  1.5. 3  Percent  change  in  rpm  from  the  clean  hull  condition. 


The  biofouling  communities  that  had  become  established  on  the  hull  were  mainly  comprised  of 
light  slime  films  with  some  heavier  slime  films  near  the  waterline.  Both  these  showed  a  greater 
than  50%  reduction  after  the  boat  had  run  at  28  knots  for  ten  minutes.  There  were  small  numbers 
of  both  tubeworms  and  barnacles.  Tubeworms  were  only  observed  on  the  underwater  areas  of 
the  hull  and  only  a  few  were  removed  by  high  speed  water  velocity.  This  would  correlate  to  the 
relatively  high  adhesion  strengths  of  these  organisms  to  the  hull.  Barnacles  were  fewer  in 
number  than  the  tubeworms.  In  the  fully  submerged  areas,  there  was  evidence  for  hydrodynamic 
removal  of  barnacles.  Hydrodynamic  removal  of  barnacles  towards  the  stern  in  the  waterline 
areas  was  less  effective. 
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re  2.F.1.5.4  Light  siinie  film  fouling,  waterline  (17  July  1998). 
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Figure  2.F.1.5.5  Light  slime  film  fouling,  underwater  areas  (17  July  1998). 
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Figure  2.F.1.5.6  Heavy  slime  film  fouling,  waterline  (17  July  1998). 


Figure  2.F.1.5.7  Heavy  slime  film  fouling,  underwater  areas  (17  July  1998). 
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Figure  2.F.1.5.8  Tubeworni  fouling,  waterline  (17  July  1998). 
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Figure  2.F.  1.5.9  Tubeworni  fouling,  nnderwater  areas  (17  July  1998). 
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Figure  2.F.1.5.11  Barnacle  fouling,  underwater  areas  (July  1998). 
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5.2  30  October  1998 


On  30  October  1998,  a  second  power  trial  was  run  (Figures  2. F. 1.5. 8  and  2. F. 1.5. 9).  The  hull 
was  more  heavily  fouled  than  the  July  power  trials  (Figures  2.F.1.5.12  to  2. F. 1.5.21).  The 
fouling  consisted  of  light  and  heavy  slime  films,  tubeworms  and  a  few  barnacles.  The  biofilms 
resulted  in  an  increase  in  drag.  After  running  the  boat  at  28  knots  for  10  minutes  some  of  the 
fouling  had  been  removed  by  hydrodynamic  forces.  However,  the  power  required  for  propulsion 
did  not  return  to  that  of  the  clean  boat,  and  a  penalty  due  to  biofouling  remained. 
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Figure  2.F.1.5.12  Powering  data  (30  October  1998). 


Table  2.F.1.5.2  Third  order  polynomial  regression  data 


Hull  Condition 

3'^‘'  Order  Polynomial  Regression 

Fouled 

y  ==  0.3853x'  -  1 8.599x"  +  386.85x 

0.9941 

Self  Cleaned 

y  -  0.2706x'  -  14.197x"  +  338.77x 

0.996 

Clean 

y  =  0.3579x^  -  16.288x"  +  337.52x 

0.995 
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Figure  2.F.1.5.13  Percent  change  in  rpm  from  the  clean  hull  condition. 


The  biofouling  communities  that  had  become  established  on  the  hull  by  October  were  mainly 
comprised  of  light  and  heavy  slime  films,  with  an  increase  in  the  number  of  tubeworms  plus  a 
few  barnacles.  There  was  a  reduction  in  slime  film  cover  after  the  boat  had  run  at  28  knots  for 
ten  minutes.  The  increase  in  light  slime  film,  shown  at  the  waterline  (Figure  2. F. 1.5. 14),  was 
due  to  the  heavy  slime  film  (Figure  2. F. 1.5. 16)  being  cleaned  back  to  a  light  cover.  Both  the 
tubeworms  and  barnacles  were  partially  removed  by  high-  speed  water  velocity.  Hydrodynamic 
removal  of  hard  fouling  towards  the  stem  in  the  waterline  areas  was  less  effective. 
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Figure  2.FJ.5J4  Light  slime  film  fouling,  waterline  (30  October  1998) 
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Figure  2.F.1.5.15  Light  slime  film  fouling,  underwater  areas  (30  October  1998) 
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Figure  2. F.  1.5. 16  Heavy  slime  film  fouling,  waterline  (30  October  1998). 
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Figure  2.F.1.5.17  Heavy  slime  film  fouling,  underwater  areas  (30  October  1998). 
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Figure  2.F.1.5.18  Tubeworm  fouling,  waterline  (30  October  1998). 
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Figure  2.F.  1.5.19  Tube  worm  fouling,  underwater  areas  (30  October  1998). 
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Figure  2.F.1.5.20  Barnacle  fouling,  waterline  (30  October  1998). 


Figure  2.F.1.5.21  Barnacle  fouling,  underwater  areas  (30  October  1998). 
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6.0  Physical  Condition 

The  overall  physical  condition  of  the  coating  is  excellent,  with  no  signs  of  blistering  or 
delamination.  There  has  been  some  mechanical  damage  to  the  bow  area  of  the  coating  due  to 
launching  and  retrieval  of  the  boat  onto  the  boat  trailer.  This  occurs  when  the  boat  moves  off  the 
bow  rollers  and  hits  the  metal  supports  on  the  trailer.  The  damage  is  in  the  form  of  long  cuts  that 
have  shown  no  signs  of  spreading. 


7.0  Summary 

The  RTVll®  +  10%  DMSC15  oil  fouling  release  coating  has  shown  good  performance 
characteristics.  The  fouling  communities,  which  developed  on  this  coating,  were  much  reduced 
when  compared  to  normal  non-toxic  surfaces.  This  may  be  due  to  fish  grazing  the  surface  and 
due  to  loss  of  fouling  when  the  boat  was  underway.  Slime  fouling  was  fairly  heavy  around  the 
waterline  and  would  require  regular  cleaning  with  a  brush  to  keep  clean. 

Performance  penalties  due  to  fouling  were  measured  during  the  powering  trials.  The  maximum 
percent  increase  in  propeller  rpm  (compared  to  the  clean  hull  condition)  measured  due  to  fouling 
was  about  14%.  This  was  reduced  to  less  than  6%  after  the  boat  had  run  for  a  short  period  at 
high  speed  and  self  cleaned.  Most  of  the  marine  growth  became  detached  when  the  boat  reached 
high  speeds  (28  knots),  however,  slime  films  and  some  of  the  hard  fouling  remained.  This  would 
suggest  that  the  coating  would  require  some  supplementary  in  water  cleaning.  Cleaning  and 
maintenance  of  the  boat  hull  were  extremely  easy,  with  all  forms  of  fouling  being  easily  removed 
by  a  light  brush. 

The  overall  physical  condition  of  the  coating  was  excellent.  The  coating  had  received  cuts  in  the 
bow  area  during  launch  and  retrieval  with  the  boat  trailer. 

Appendices 

1  Power  Data 

2.  Biofouling  Data 


2.F-22 


Appendix  1  Power  Data 
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Appendix  2  Biofouling  Data 
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Executive  Summary 

In  May  1998,  the  22  ft  T-Craft  power  boat  (operated  by  the  Center  for  Corrosion  and  Biofouling 
Control,  Florida  Institute  of  Technology)  was  coated  by  personnel  from  General  Electric  (GE) 
with  the  General  Electric  RTVl  1®  +  10%  DMSC15  oil  Duplex  fouling  release  coating.  The  boat 
was  placed  in  the  water  on  15  June  of  1998,  and  monitored  for  biofouling  and  powering 
efficiency  in  June,  July  and  October  of  1998.  The  data  from  these  tests  are  presented  in  a  report 
submitted  to  GE,  “The  performance  of  the  21  foot  T-Craft  coated  with  GE  RTVl  1  +  DMSC15® 
and  DBTDL  fouling-release  bottom  coaf’.  CCBC-99-GE-TCRAFT  onl  March  1999. 

The  boat  was  removed  from  the  water  during  February  1999  to  facilitate  the  construction  of  a 
wet  well  in  the  stem  of  the  boat.  This  feature  was  built  to  enable  the  drag  and  fouling-release 
testing  of  GE  down  select  panels.  The  boat  was  returned  to  the  water  in  April  1999  and  new 
power  trial  and  fouling  data  were  obtained  in  July  1999. 

The  coating  is  performing  very  well.  The  fouling  communities,  which  developed  on  this  coating, 
were  much  reduced  when  compared  to  normal  non-toxic  surfaces.  Slime  fouling  was  fairly  heavy 
around  the  waterline  and  would  require  regular  cleaning  with  a  brush  to  keep  clean.  Most  of  the 
marine  growth  became  detached  when  the  boat  reached  high  speeds  (28  knots). 

Performance  penalties  due  to  fouling  were  measured  during  the  powering  trials.  The  maximum 
percent  increase  in  propeller  rpm  (compared  to  the  clean  hull  condition)  measured  due  to  fouling 
was  about  22%.  This  was  reduced  to  less  than  10%  after  the  boat  had  run  for  a  short  period  at 
high  speed  and  self  cleaned. 

Cleaning  and  maintenance  of  the  boat  hull  were  extremely  easy,  with  all  forms  of  fouling  being 
easily  removed  by  a  light  brush.  The  overall  physical  condition  of  the  coating  was  excellent, 
however,  the  coating  had  received  some  cuts  in  the  bow  area  during  launching  and  retrieval  with 
the  boat  trailer. 
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1.0  Background 

The  Center  for  Corrosion  and  Biofouling  Control  at  the  Florida  Institute  of  Technology  (FIT) 
uses  a  22  ft  T-Craft  power  boat  for  its  operations  in  the  Indian  River  Lagoon,  Florida  (Figure 
2. F. 2. 1.1).  In  March  1998  it  was  decided  to  use  this  vessel  as  a  test  platform  for  the  RTVl  1  + 
10%  DMSC15  oil  fouling-release  coating  developed  by  General  Electric  (GE).  The  boat  was 
removed  from  the  water  in  May,  1998  and  the  hull  sand  blasted  to  remove  the  existing  copper 
based  antifouling  system.  The  boat  was  washed  and  moved  under  cover  where  a  team  from  GE 
applied  the  fouling  release  coating  according  to  the  specification  shown  in  Table  2. F. 2. 1.1.  The 
coating  was  applied  between  26  to  28  May  1998.  The  coating  was  allowed  to  cure  and  the  boat 
launched  15  June  1998. 


Figure  2.F.2.1.1  22  T-Craft  with  GE  fouling-release  bottom  coat. 


The  fouling-release  performance  of  this  coating  had  been  evaluated  at  the  Florida  Institute  of 
Technology  Static  Immersion  Site  and  the  hard  fouling  adhesion  properties  are  shown  in  Table 
2.F.2.I.2. 


Table  2.F.2.1.1  Coating  specifications  for  the  T-Craft. 


Application  Layer 

Date 

Temp.  (°F) 

RH  (%) 

WFT  (mil) 

Barrier  Coats 

5  gal  Amerlock  400  ivory  +  1  pt  naphtha 

5/26 

88 

56 

22-24 

2  gal  Amerlock  400  pearl  gray  +  1  pt  naphtha 

5/27 

77 

72 

14-16 

Mist  Coats  (port  and  starboard  side  were  different) 
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4  gal  Amerlock  400  pearl  gray  +  1  gal  GE  SCM501C 
(port  side) 

5/28 

85 

67 

12-14  (port) 

'A  gal  Shell  Versamid  +  'A  gal  Shell  Epon  828  +  1  gal 
butanol  (starboard  side) 

5/28 

85 

67 

2-3  (stbd) 

Tie  Coat 

5  gal  Wacker  J-501  +  1  gal  GE  SF69  5/28 

85 

67 

18-20 

Fouling  -  Release  Coat 

5  gal  GE  RTVl  1  +  'A  gal  DMSC15  +  'A  gal  napbtba  + 

30  ml  DBTDL 

5/28 

85 

67 

16-20 

Patch  Coats 

500  g  GE  SEA210A  +  6  ml  GE  SCM501C 

5/29 

85 

65 

2-3 

450  ml  Wacker  J-501  +  50  ml  GE  SF69 

5/29 

85 

65 

16-20 

3500  ml  GERTVll® 

+  350  ml  DMSC15  -t  10  ml  DBTDL 

5/29 

85 

65 

18-20 

Table  2.F.2.1.2  Hard  fouling  adhesion  data  obtained  from  panelsimmersed  at  the  FIT  static 
immersion  site. 


Organism 

n 

Balams  eburneus 

3.53 

2.43 

87 

Hydro  ides  sp. 

22.93 

8.36 

52 

Oyster 

13.78 

3.49 

43 

2.0  Instrumentation 

The  boat  was  instrumented  to  measure  speed  over  the  ground,  speed  through  the  water,  engine 
revolutions  per  minute  (rpm)  and  engine  fuel  consumption  in  gallons  per  minute  (gpm)  using  the 
instrumentation  shown  in  Table  2.F.2.2.I. 


Table  2.F.2.2.1  Instrumentation  for  power  trials. 


Data 

Item 

Model  # 

Speed  over  the  ground 

Garmin  GPS  111 

403850 

Speed  through  the  water 

West  Marine  Speed  100 
Speed/Log/T  emp 

266827 

Engine  rpm  and  fuel  consumption 

FloScan  Series  8000  Fuel 
Computer 

8000-264-lP 

3.0  Method 

The  following  procedure  was  used  to  assess  the  skin  friction  and  fouling  release  properties  of  the 
coating.  Power  trials  were  only  performed  on  days  when  the  wind  speed  was  less  than  5  knots. 

•  Fill  fuel  tanks  to  capacity. 

•  Motor  at  less  than  4  knots  to  power  trial  area  (less  than  two  miles). 

•  Perform  underwater  video  inspection  of  hull. 

•  Run  power  trials,  starting  at  about  2  knots.  Maintain  speed  for  2  minutes.  Monitor  speed, 
rpm  and  gpm.  Increase  speed  and  repeat  data  collection  up  to  speeds  of  about  25  knots. 

•  Run  the  boat  at  top  speed  (about  28  knots)  for  10  minutes. 
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•  Perform  underwater  video  inspection  of  hull. 

•  Run  power  trials,  starting  at  about  2  knots.  Maintain  speed  for  2  minutes.  Monitor  speed, 
rpm  and  gpm.  Increase  speed  and  repeat  data  collection  up  to  speeds  of  about  25  knots. 

•  Analyze  the  video  data  to  estimate  biofouling  cover. 

•  Analyze  the  boat  power  data  to  estimate  drag. 

•  Obtain  adhesion  values  for  organisms  remaining  on  hull  after  power  trial. 

4,0  Boat  Operating  History 

The  boat  is  used  for  regular  research  activities  in  the  Indian  River  Lagoon.  Table  2.F.2.4.1 
summarizes  the  operating  schedule  over  the  past  months. 


Table  2,F.2,4,1  Boat  operating  schedule  since  GE  coating  application. 


Date 


6/15/98 


6/23/98 


6/25/98 


7/1/98 


7/2/98 


7/9/98 


7/17/98 


8/4/98 


8/7/98 


8/22/98 


9/1/98 


9/10/98 


10/9/98 


10/30/98 


11/20/98 


11/23/98 


12/22/98 


12/23/98 


1/13/99 


1/29/99 


2/18/99 


4/13/99 


4/15/99 


4/19/99 


5/5/99 


5/24/99 


6/3/99 


6/4/99 


6/15/99 


6/21/99 


6/29/99 


7/1/99 


7/20/99 


7/21/99 


7/27/99 


7/30/99 


iwfmm 


Boat  launched. 


Hull  cleaned  and  first  power  trial. 


Foil  testing,  run  for  4  hours  (0  to  25  knots). 


Foil  testing,  run  for  4  hours  (0  to  25  knots). 


Panel  inspection  and  caue  maintenance.  1  hour  (20  knots). 


Out  of  water  inspection  of  boat. 


Power  trials. 


Foil  testing,  run  for  4  hours  (0  to  25  knots). 


Foil  testing,  run  for  4  hours  (0  to  25  knots). 


Attempted  power  trials,  postponed  due  to  weather. 


Attempted  power  trials,  camera  flooded. 


Attempted  power  trials,  postponed  due  to  weather. 


Inspection  and  cage  maintenance.  1  hour  (20  knots). 


Power  trials  and  platform  maintenance. 


Panel  inspection  and  case  maintenance.  1  hour  (20  knots). 


Boat  maintenance.  20  minutes  (25  knots). 


Panel,  boat  and  cage  inspection.  1  hour  (20  knots). 


Take  boat  out  of  water  for  outboard  service. 


Return  boat  to  water. 


Inspection  and  cage  maintenance.  1  hour  (20  knots). 


Remove  boat  from  water  for  hull  modifications  to  improve  foil  data  collection. 


Launch  boat  with  wet  well  and  try  out  "new  foil" 


Tested  boat/foil  system  in  harbor 


Panel  inspection  and  cage  maintenance.  Foil  run 


Panel  inspection  and  cage  maintenance.  Foil  run. 


Pulled  boat. 


Launched  boat  after  patch  repair. 

Panel  inspection  and  cage  maintenance.  1  hour  (20  knots). 


Power  boat  trial-  baseline  with  through  hull. 


Panel  inspection  and  cage  maintenance.  1  hour  (20  knots). 


Panel  inspection  and  cage  maintenance.  1  hour  (20  knots). 


Panel  inspection  and  cage  maintenance.  Hydro  Panel  testin 


Thru  Hull  Foil  Testing  failed,  platform  to  drop  off  panels 


Power  Trials. 


Panel  inspection  and  cage  maintenance.  1  hour  (20  knots). 


Ran  panel  SI  to  completion  +  three  calibration  curves. _ 


Panel  inspection  and  cage  maintenance.  1  hour  (20  knots 
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8/4/99 

Thru  Hull  Testing 

8/13/99 

Panel  inspection  and  cage  maintenance.  Foil  Test. 

8/18/99 

Panel  inspection  and  cage  maintenance.  1  hour  (20  knots). 

8/23/99 

Gear  in  starter  replaced 

8/24/99 

Panel  inspection  and  cage  maintenance.  1  hour  (20  knots). 

5.0  Boat  Powering  and  Biofouling  Data 

There  have  been  four  successful  power  trials  since  the  GE  fouling-release  coating  was  applied  at 
the  end  of  May  1998.  These  are  as  follows: 

•  23  June  1998,  clean  hull  baseline  power  data. 

•  17  July  1998,  fouled  hull  and  hydrodynamically  self  cleaned  hull  power  data. 

•  30  October  1998,  fouled  hull  and  hydrodynamically  self  cleaned  hull  power  data. 

•  20  July  1999,  fouled  hull,  hydrodynamicallly  self  cleaned  hull  and  clean  hull  power  data. 

The  data  obtained  for  the  23  June  clean  hull  run  was  not  used  as  the  baseline  from  which  to 
compare  the  performance  of  the  hull  in  the  fouled  and  hydrodynamically  self-cleaned  conditions 
for  the  July,  1999  power  trials.  This  was  due  to  changes  in  the  hull  geometry  with  the  addition 
of  the  wet  well. 

Boat  powering  data  are  presented  as  propeller  revolutions  per  minute  (rpm)  versus  boat  speed 
(knots).  Third  order  polynomials  were  run  on  the  rpm  vs.  boat  speed  curves.  From  the  curve  fit 
equations,  the  performance  data  are  presented  as  percentage  change  in  rpm  from  the  clean  hull 
condition.  Because  the  boat  is  a  planing  hull,  there  will  rarely  be  an  exact  match  of  rpm  and  boat 
speed,  however,  the  data  clearly  show  differences  in  performance  due  to  biofouling. 

The  biofouling  data  were  obtained  by  analyzing  the  underwater  videos  of  the  boat  hull.  The 
videos  were  taken  in  combination  with  a  measuring  tape  and  so  the  exact  location  on  the  hull 
was  known.  The  video  was  made  along  the  length  of  the  hull  for  each  of  the  four  chines  per  side 
and  the  water  line.  Biofouling  was  assessed  for  every  one-foot  length  of  hull.  The  light  and 
heavy  slime  films  were  assessed  as  percent  cover.  The  final  figures  represent  the  average  percent 
cover  of  the  hull  surface.  The  barnacle  and  tubeworm  cover  were  assessed  by  estimating  the 
number  of  individuals  present.  The  final  data  are  presented  as  estimated  total  numbers  of 
individuals  at  each  foot  along  the  hull.  It  must  be  emphasized  that  the  biofouling  data  are 
estimates  and  not  exact  numbers. 


5.1  20  July  1999  Power  Trials 

On  20  July  1999,  a  third  fouled  power  trial  was  run  (Figures  2.F.2.5.1  and  2.F.2.5.2).  The 
fouling  consisted  of  light  and  heavy  slime  films,  tubewonns  and  barnacles.  The  biofilms 
resulted  in  an  increase  in  drag.  After  running  the  boat  at  28  knots  for  10  minutes  some  of  the 
fouling  had  been  removed  by  hydrodynamic  forces.  However,  the  power  required  for  propulsion 
did  not  return  to  that  of  the  clean  boat,  and  a  penalty  due  to  biofouling  remained. 
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Figure  2.F.2.5.1  Powering  data  (20  July  1999). 


Table  2.F.2.5.1  Third  order  polynomial  regression  data. 


Hull  Condition 

- ro - 

3  Order  Polynomial  Regression 

Fouled 

y  =  0.533x^  -  23.953X-  +  435. 19x 

0.989 

Self  Cleaned 

y  =  0.5 183x^  -  24.023X-  +  447.53x 

0.990 

Clean 

y  =  0.3714x^  -  18.134X-  +  375.96x 

0.999 
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Boat  Speed  (knots) 


Figure  2.F.2.5.2  Percent  change  in  rpm  from  the  clean  hull  condition. 


The  biofouling  communities  that  had  become  established  on  the  hull  by  July  were  mainly 
comprised  of  light  and  heavy  slime  films,  tubeworms  and  barnacles.  No  tubeworms  were 
present  on  the  waterline.  There  was  a  reduction  in  slime  film  cover  after  the  boat  had  run  at  28 
knots  for  ten  minutes.  Barnacles  were  partially  removed  at  the  water  line  and  mostly  removed 
underwater  by  high-speed  water  velocity.  Few  of  the  underwater  tubeworms  were  removed  by 
high-speed  water  velocity.  Hydrodynamic  removal  of  hard  fouling  towards  the  stem  in  the 
waterline  areas  was  less  effective. 
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Figure  2.F.2.5.3  Light  siinie  film  fouling,  waterline  (20  July  1999). 
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Figure  2.F.2.5.4  Light  slime  film  fouling,  underwater  areas  (20  July  1999). 


2.F-42 


Average  Percent  Fouling  ^  Average  Percent  Fouling 


Distance  from  Bow  {feet) 


Figure  2.F.2.5.6  Heavy  slime  film  fouling,  underwater  areas  (20  July  1999). 
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re  2.F.2.5.7  Tubeworni  fouling,  waterline  (20  July  1999). 
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Figure2.F.2.  5.8  Tubeworni  fouling,  underwater  areas  (20  July  1999). 
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Figure  2.F.2.5.9  Barnacle  fouling,  waterline  (20  July  1999). 
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Figure  2.F.2.5.10  Barnacle  fouling,  underwater  areas  (20  July  1999). 

The  fou  ling-re  lease  performance  of  the  T-Craft  coating  was  analyzed  and  the  hard 
fouling  adhesion  properties  are  shown  in  Table  2.F.2.5.2.  Balanus  ehurneus 
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values  are  slightly  higher  than  those  found  on  panels  immersed  at  the  FIT  static 
immersion  site,  while  values  for  Hydroides  sp.  and  oysters  are  slightly  lower. 
(Table  2.F.2.5.2). 


Table  2.F.2.5.2  Hard  fouling  adhesion  data  obtained  from  T-Craft. 


Organism 

SD  (psi) 

n 

Balanus  eburneus 

8.24 

5.4 

66 

Hydroides  sp. 

12.24 

6.96 

47 

Oyster 

10.94 

8.38 

2 
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6.0  Physical  Condition 

The  overall  physical  condition  of  the  coating  is  excellent,  with  no  signs  of  blistering  or 
delamination.  There  was  some  mechanical  damage  to  the  bow  area  of  the  coating  due  to 
launching  and  retrieval  of  the  boat  onto  the  boat  trailer.  This  occurs  when  the  boat  moves  on  and 
off  the  bow  rollers  and  hits  the  metal  supports  on  the  trailer.  The  damage  is  in  the  form  of  long 
cuts  that  were  successfully  repaired  in  April,  1999  using  a  repair  kit  provided  by  GE.  All  the 
repairs  have  remained  intact  and  are  performing  well. 

7.0  Summary 

The  RTVll®  +  10%  DMSC15  oil  fouling  release  coating  has  shown  good  performance 
characteristics.  The  fouling  communities,  which  developed  on  this  coating,  were  much  reduced 
when  compared  to  normal  non-toxic  surfaces.  This  may  be  due  to  fish  grazing  the  surface  and 
due  to  loss  of  fouling  when  the  boat  was  underway.  Slime  fouling  was  fairly  heavy  around  the 
waterline  and  would  require  regular  cleaning  with  a  brush  to  keep  clean. 

Performance  penalties  due  to  fouling  were  measured  during  the  powering  trials.  The  maximum 
percent  increase  in  propeller  rpm  (compared  to  the  clean  hull  condition)  measured  due  to  fouling 
was  about  22%.  This  was  reduced  to  less  than  10%  after  the  boat  had  run  for  a  short  period  at 
high  speed  and  self  cleaned.  Most  of  the  marine  growth  became  detached  when  the  boat  reached 
high  speeds  (28  knots),  however,  slime  films  and  some  of  the  hard  fouling  remained.  This  would 
suggest  that  the  coating  would  require  some  supplementary  in  water  cleaning.  Cleaning  and 
maintenance  of  the  boat  hull  were  extremely  easy,  with  all  forms  of  fouling  being  easily  removed 
by  a  light  brush. 

The  overall  physical  condition  of  the  coating  was  excellent.  The  coating  had  received  cuts  in  the 
bow  area  during  launch  and  retrieval  with  the  boat  trailer. 

Appendices 

1  Power  Data 

2.  Biofouling  Data 

3.  Adhesion  Data 
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Appendix  1  Power  Data 


Date  Hull  Condition 


6/23/98 

Clean 

6/23/98 

Clean 

6/23/98 

Clean 

6/23/98 

Clean 

6/23/98 

Clean 

6/23/98 

Clean 

6/23/98 

Clean 

6/23/98 

Clean 

6/23/98 

Clean 

6/23/98 

Clean 

6/23/98 

Clean 

6/23/98 

Clean 

7/20/99 

Fouled 

7/20/99 

Fouled 

7/20/99 

Fouled 

7/20/99 

Fouled 

7/20/99 

Fouled 

7/20/99 

Fouled 

7/20/99 

Fouled 

7/20/99 

Fouled 

7/20/99 

Fouled 

7/20/99 

Fouled 

7/20/99 

Fouled 

7/20/99 

Fouled 

7/20/99 

Fouled 

7/20/99 

Fouled 

7/20/99 

Fouled 

7/20/99 

Fouled 

7/20/99 

Fouled 

7/20/99 

Fouled 

7/20/99 

Fouled 

7/20/99 

Fouled 

7/20/99 

Self  Cleaned 

7/20/99 

Self  Cleaned 

7/20/99 

Self  Cleaned 

7/20/99 

Self  Cleaned 

7/20/99 

Self  Cleaned 

7/20/99 

Self  Cleaned 

7/20/99 

Self  Cleaned 

7/20/99 

Self  Cleaned 

19.2 

19.4 

21 

21 

22 

23 

24 

25 

26 
26 
23 
2.8 

3.8 

4.8 
5 
5 

5.3 

5.9 


2,1 

2.3 

3.1 

3.7 

4.5 

5.3 

6.1 

6.6 
8.2 
9 

10.9 

11.4 

4.2 

4.8 
5.5 

6.8 

6.2 
7.8 


5 


RPM 

1165 

1350 

1535 

1720 

2190 

2390 

2595 

2690 

3190 

3220 

3625 

3685 

1060 

1020 

1450 

1790 

1460 

1890 

2590 

2540 

3010 

2920 

3180 

3080 

3550 

3290 

3600 

3740 

3910 

4140 

4340 

4310 

3615 

900 

950 

1240 

1180 

1480 

1340 

1500 
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7/20/99 

Self  Cleaned 

8.5 

2150 

7/20/99 

Self  Cleaned 

8.6 

7.8 

2190 

7/20/99 

Self  Cleaned 

11.4 

2440 

7/20/99 

Self  Cleaned 

18.1 

2890 

7/20/99 

Self  Cleaned 

18.2 

9.6 

2900 

7/20/99 

Self  Cleaned 

21 

9.7 

3210 

7/20/99 

Self  Cleaned 

22 

3340 

7/20/99 

Self  Cleaned 

24 

11.9 

3770 

7/20/99 

Self  Cleaned 

24 

3860 

7/20/99 

Self  Cleaned 

26 

17.4 

4310 

7/20/99 

Self  Cleaned 

27 

4250 
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Appendix  2  Biofouling  Data 
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Appendix  3  Adhesion  Data 


20  July  1999 


Panel  AcroBarnacle  Type  Date  Size 

Area 

Force(lb) 

Adh 

MPa  Adh  psi 

Port  T-Craft  BALANUS  EBURNEUS 

5/24/99 

18 

37.04 

0.12 

0.014 

2.10 

85.84 

0.48 

0.025 

3.62 

60.24 

0.45 

0.033 

4.84 

30.27 

0.24 

0.035 

5.13 

57.80 

0.49 

0.038 

5.49 

45.94 

0.41 

0.040 

5.78 

43.24 

0.40 

0.041 

5.99 

72.28 

0.69 

0.042 

6.18 

37.28 

0.42 

0.050 

7.29 

69.04 

0.82 

0.053 

7.69 

44.96 

0.57 

0.056 

8.21 

44.41 

0.57 

0.057 

8.31 

46.21 

0.61 

0.059 

8.54 

61.13 

0.82 

0.060 

8.68 

79.39 

1.10 

0.062 

8.97 

57.92 

0.87 

0.067 

9.72 

73.99 

1.24 

0.075 

10.85 

74.62 

1.48 

0.088 

12.84 

46.54 

1.10 

0.105 

15.30 

imm 

12 

36.03 

0.29 

0.036 

5.21 

44.41 

0.38 

0.038 

5.54 

30.53 

0.41 

0.060 

8.69 

29.49 

0.42 

0.063 

9.22 

39.62 

0.66 

0.074 

10.78 

48.48 

0.83 

0.076 

11.08 

26.39 

0.58 

0.098 

14.23 

30.74 

0.71 

0.103 

14.95 

20.66 

0.52 

0.112 

16.29 

35.79 

1.08 

0.134 

19.53 

31.26 

0.99 

0.141 

20.50 

28.84 

1.50 

0.231 

33.66 

starboard  T-Craft  BAEANUS  EBURNEUS 

5/24/99 

22 

46.75 

0.08 

0.008 

1.11 
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50.55 
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55.03 

76.52 
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Florida  Institute  of  Technology 
Melbourne,  FL  32901 


Florida 


CCBC-99-GE-TCRAFT  February  23,  2000 

The  performance  of  the  21  foot  T-Craft  coated  with  GE  RTVll  +  DMSC15 
and  DBTDL  fouling-release  bottom  coat. 

Exposure  Period:  June  1998  to  February  2000 
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Florida  Institute  of  Technology 
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Executive  Summary 

In  May  1998  the  22’  T-Craft  power  boat  (operated  by  the  Center  for  Corrosion  and 
Biofouling  Control,  Florida  Institute  of  Technology)  was  coated  by  personnel  from 
General  Electric  (GE)  with  the  General  Electric  RTVll®  +  10%  DMSC15  oil  Duplex 
fouling  release  coating.  The  boat  was  placed  in  the  water  on  15  June  of  1998,  and  has 
since  been  monitored  for  biofouling  barnacle  adhesion  strength  and  powering  efficiency. 
Data  from  previous  power  trials  are  presented  in  reports  submitted  to  GE,  “The 
performance  of  the  21  foot  T-Craft  coated  with  GE  RTVll®  +  DMSC15  and  DBTDL 
fouling-release  bottom  coat”.  CCBC-99-GE-TCRAFT-1  March  1999  and,  “The 
performance  of  the  21  foot  T-Craft  coated  with  GE  RTVll®  +  DMSC15  and  DBTDL 
fouling-release  bottom  coat”.  CCBC-99-GE-TCRAFT-1  August  1999. 

The  coating  is  performing  very  well,  however,  the  most  recent  power  trials  suggest  that 
the  fouling-release  characteristics  have  become  reduced  with  time.  This  has  reduced  the 
self-cleaning  properties  and  increased  drag  penalties  due  to  fouling. 
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1.0  Background 

The  Center  for  Corrosion  and  Biofouling  Control  at  the  Florida  Institute  of  Technology 
(FIT)  uses  a  22’  T-Craft  power  boat  for  its  operations  in  the  Indian  River  Lagoon,  Florida 
(Figure  2. F. 3. 1.1).  In  March  1998  it  was  decided  to  use  this  vessel  as  a  test  platform  for 
the  RTVll  +  10%  DMSC15  oil  fouling-release  coating  developed  by  General  Electric 
(GE).  The  boat  was  removed  from  the  water  in  May  1998  and  the  hull  sand  blasted  to 
remove  the  existing  copper  based  antifouling  system.  The  boat  was  washed  and  moved 
under  cover  where  a  team  from  GE  applied  the  fouling  release  coating  according  to  the 
specification  shown  in  Table  2.F.3.I.I.  The  coating  was  applied  between  26  to  28  May 
1998.  The  coating  was  allowed  to  cure  and  the  boat  launched  15  June  1998. 


Figure  2.F.3.1.1  22  T-Craft  with  GE  fouling-release  bottom  coat. 


The  fouling  release  performance  of  this  coating  is  being  evaluated  at  the  Florida  Institute 
of  Technology  Static  Immersion  Site.  The  barnacle  fouling  adhesion  properties  are 
shown  in  Table  2. F. 3. 1.2. 


Table  2.F.3.1.1  Coating  specifications  for  the  T-Craft. 


Application  Layer 

Date 

Temp.  (°F) 

RH  (%) 

WFT  (mil) 

Barrier  Coats 

5  gal  Anierlock  400  ivory  +  1  pt  naphtha 

5/26 

88 

56 

22-24 
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2  gal  Amerlock  400  pearl  gray  +  1  pt  naphtha 

5/27 

77 

72 

14-16 

Mist  Coats  (port  and  starboard  side  were  different) 

4  gal  Amerlock  400  pearl  gray  +  1  gal  GE  SCM501C 
(port  side) 

5/28 

85 

67 

12-14  (port) 

'A  gal  Shell  Versamid  +  'A  gal  Shell  Epon  828  +  1  gal 
butanol  (starboard  side) 

5/28 

85 

67 

2-3  (stbd) 

Tie  Coat 

5  gal  Wacker  J-501  +  1  gal  GE  SF69 

5/28 

85 

67 

18-20 

Fouling  -  Release  Coat 

5  gal  GE  RTVl  1  +  'A  gal  DMSC15  +  >A  gal  naphtha  + 

30  ml  DBTDL 

5/28 

85 

67 

16-20 

Patch  Coats 

500  g  GE  SEA210A  +  6  ml  GE  SCM501C 

5/29 

85 

65 

2-3 

450  ml  Wacker  J-501  +  50  ml  GE  SF69 

5/29 

85 

65 

16-20 

3500  ml  GERTVll®-t  350  ml  DMSC15  +  10  ml 

DBTDL 

5/29 

85 

65 

18-20 
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Table  2.F.3.1.2  Barnacle  adhesion  strength  obtained  from  panels  coated  with 


RTVll®  +  10%  DMSC  15  immersed  at  the  FIT  static  immersion  site 
on  17  July  1997 


Panel 

Number 

Days  Exposure 

Barnacle  Type 

Sample 

Size 

Ave.Adh 

psi 

SDAdh  psi 

97129A 

64 

BALANUS  EBURNEUS 

10 

3.17 

1.86 

97129A 

121 

BALANUS  EBURNEUS 

11 

2.88 

2.85 

97129A 

823 

BALANUS  VARIAGATUS 

1 

6.38 

97129B 

64 

BALANUS  EBURNEUS 

3 

1.26 

1.33 

97129B 

378 

BALANUS  EBURNEUS 

5 

6.21 

3.52 

97129B 

425 

BALANUS  EBURNEUS 

18 

4.07 

1.97 

97129B 

606 

BALANUS  VARIAGATUS 

1 

2.91 

97129B 

606 

BALANUS  EBURNEUS 

4 

2.84 

2.95 

97129B 

606 

BALANUS  IMPROVISUS 

7 

3.46 

2.21 

97129B 

823 

BALANUS  EBURNEUS 

1 

5.64 

97129B 

939 

BALANUS  IMPROVISUS 

17 

3.89 

2.63 

97129B 

939 

BALANUS  EBURNEUS 

1 

3.59 

97131A 

64 

BALANUS  EBURNEUS 

5 

2.21 

1.69 

97131A 

121 

BALANUS  EBURNEUS 

6 

1.92 

1.46 

97131A 

823 

BALANUS  VARIAGATUS 

2 

7.79 

0.74 

97131B 

64 

BALANUS  EBURNEUS 

2 

0.52 

0.03 

97131B 

188 

BALANUS  EBURNEUS 

4 

1.72 

0.72 

97131B 

243 

BALANUS  EBURNEUS 

11 

4.95 

2.31 

97131B 

320 

BALANUS  IMPROVISUS 

1 

14.59 

97131B 

442 

BALANUS  EBURNEUS 

8 

4.34 

2.48 

97131B 

823 

BALANUS  VARIAGATUS 

4 

7.04 

4.86 

97131B 

823 

BALANUS  EBURNEUS 

2 

4.92 

1.98 

97131B 

939 

BALANUS  EBURNEUS 

3 

1.90 

1.04 

97131B 

939 

BALANUS  IMPROVISUS 

15 

3.44 

1.73 

2.0  Instrumentation 

The  boat  was  instrumented  to  measure  speed  over  the  ground,  speed  through  the  water, 
engine  revolutions  per  minute  (rpm)  and  engine  fuel  eonsumption  in  gallons  per  minute 
(gpm)  using  the  instrumentation  shown  in  Table  2.F.3.2.I. 


Table  2.F.3.2.1  Instrumentation  for  power  trials. 


Data 

Item 

Model  # 

Speed  over  the  ground 

Garmin  GPS  111 

403850 

Speed  through  the  water 

266827 

Engine  rpm  and  fuel  eonsumption 

FloScan  Series  8000  Fuel 
Computer 

8000-264-lP 
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3.0  Method 

The  following  procedure  was  used  to  assess  the  skin  friction  and  fouling  release 

properties  of  the  coating  during  the  February  2000  power  trial.  Underwater  video  of  the 

hull  could  not  be  taken  due  to  failure  of  the  video  camera. 

•  Fill  fuel  tanks  to  capacity. 

•  Run  power  trials,  starting  at  about  2  knots.  Maintain  speed  for  2  minutes.  Monitor 
speed,  rpm  and  gpm.  Increase  speed  and  repeat  data  collection  up  to  speeds  of  about 
22  knots. 

•  Run  the  boat  at  top  speed  (about  22  knots)  for  20  minutes  (self  cleaning). 

•  Run  power  trials,  starting  at  about  2  knots.  Maintain  speed  for  2  minutes.  Monitor 
speed,  rpm  and  gpm.  Increase  speed  and  repeat  data  collection  up  to  speeds  of  about 
22  knots. 

•  Perform  underwater  visual  inspection  of  hull. 

•  Take  underwater  hard  fouling  adhesion  measurements. 

•  In-water  cleaning  of  hull  using  a  soft  cloth. 

•  Run  power  trials,  starting  at  about  2  knots.  Maintain  speed  for  2  minutes.  Monitor 
speed,  rpm  and  gpm.  Increase  speed  and  repeat  data  collection  up  to  speeds  of  about 
26  knots. 

•  Analyze  the  boat  power  data  to  estimate  performance. 
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4,0  Boat  Operating  History 

The  boat  is  used  for  regular  research  activities  in  the  Indian  River  Lagoon.  Table 
2. F. 3.4.1  summarizes  the  operating  schedule  since  the  coating  was  applied  in  June  1998. 


Table  2.F.3.4,1  Boat  operating  schedule  since  GE  coating  application 


Date 

6/15/98 

Boat  launched. 

6/23/98 

Hull  cleaned  and  first  power  trial. 

6/25/98 

Foil  testing,  run  for  4  hours  (0  to  25  knots). 

7/1/98 

Foil  testing,  run  for  4  hours  (0  to  25  knots). 

7/2/98 

Panel  inspection  and  cage  maintenance.  1  hour  (20  knots). 

7/9/98 

Out  of  water  inspection  of  boat. 

7/17/98 

Power  trials. 

8/4/98 

Foil  testing,  run  for  4  hours  (0  to  25  knots). 

8/7/98 

Foil  testing,  run  for  4  hours  (0  to  25  knots). 

8/22/98 

Attempted  power  trials,  postponed  due  to  weather. 

9/1/98 

Attempted  power  trials,  camera  flooded. 

9/10/98 

Attempted  power  trials,  postponed  due  to  weather. 

10/9/98 

Inspection  and  cage  maintenance.  1  hour  (20  knots). 

10/30/98 

Power  trials  and  platform  maintenance. 

11/20/98 

Panel  inspection  and  cage  maintenance.  1  hour  (20  knots). 

11/23/98 

Boat  maintenance.  20  minutes  (25  knots). 

12/22/98 

Panel,  boat  and  cage  inspection.  1  hour  (20  knots). 

12/23/98 

Take  boat  out  of  water  for  outboard  service. 

1/13/99 

Return  boat  to  water. 

1/29/99 

Inspection  and  cage  maintenance.  1  hour  (20  knots). 

2/18/99 

Remove  boat  from  water  for  hull  modifications  to  improve  foil  data  collection. 

4/13/99 

Launch  boat  with  wet  well  and  try  out  "new  foil" 

4/15/99 

Tested  boat/foil  system  in  harbor 

4/19/99 

Panel  inspection  and  cage  maintenance.  Foil  run 

5/5/99 

Panel  inspection  and  cage  maintenance.  Foil  run. 

5/24/99 

Pulled  boat. 

6/3/99 

Launched  boat  after  patch  repair. 

Panel  inspection  and  cage  maintenance.  1  hour  (20  knots). 

6/4/99 

Power  boat  trial-  baseline  with  through  hull. 

6/15/99 

Panel  inspection  and  cage  maintenance.  1  hour  (20  knots). 

6/21/99 

Panel  inspection  and  cage  maintenance.  1  hour  (20  knots). 

6/29/99 

Panel  inspection  and  cage  maintenance.  Hydro  Panel  testing. 

7/1/99 

Thru  Hull  Foil  Testing  failed,  platform  to  drop  off  panels 

7/20/99 

Power  Trials. 

7/21/99 

Panel  inspection  and  cage  maintenance.  1  hour  (20  knots). 

7/27/99 

Ran  panel  SI  to  completion  -i-  three  calibration  curves. 

7/30/99 

Panel  inspection  and  cage  maintenance.  1  hour  (20  knots). 

8/4/99 

Thru  Hull  Testing 

8/13/99 

Panel  inspection  and  cage  maintenance.  Foil  Test. 

8/18/99 

Panel  inspection  and  cage  maintenance.  1  hour  (20  knots). 

8/23/99 

Gear  in  starter  replaced 

8/24/99 

Panel  inspection  and  cage  maintenance.  1  hour  (20  knots). 

8/25/99 

Panel  inspection  1  hour  (20  knots).. 

8/27/99 

Platform  preparation  for  Hurricane  Dennis  1  hour  (20  knots).. 

8/30/99 

Boat  removed  from  water  for  mechanical  maintenance. 
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9/8/99 

Boat  returned  to  water. 

9/10/99 

Foil  testing  and  panel  inspection  1  hour  (20  knots).. 

9/16/99 

Inspected  damage  to  platform  Hurricane  Floyd.  Status  okay  1  hour  (20  knots). 

9/23/99 

Platform  repair  1  hour  (20  knots).. 

9/28/99 

Panel  inspection.  Adhesion  testing  1  hour  (20  knots).. 

9/30/99 

Thru  hull  testing,  panel  inspection  2  hour  (20  knots). 

10/4/99 

Drag  testing  2  hour  (20  knots). 

10/14/99 

Platform  secured  due  to  Hurricane  Irene  1  hour  (20  knots).. 

10/18/99 

Hurricane  Irene  impact  on  platform  checked.  Boat  maintenance  1  hour  (20  knots).. 

10/19/99 

Platform  repaired  1  hour  (20  knots). 

10/28/99 

Panel  inspection  and  cage  maintenance  1  hour  (20  knots).. 

11/1/99 

Cage  repaired  1  hour  (20  knots).. 

11/18/99 

Panel  inspection  1  hour  (20  knots).. 

\\  129199 

Panel  inspection  and  cage  maintenance  1  hour  (20  knots).. 

12/9/99 

Drag  testing,  panel  inspection  2  hour  (20  knots).. 

1/12/00 

Panel  inspection  and  cage  maintenance  1  hour  (20  knots).. 

1/13/00 

Platform  and  panel  inspection  1  hour  (20  knots).. 

1/19/00 

Platform  and  panel  inspection  1  hour  (20  knots).. 

1/26/00 

Panel  inspection  and  cage  maintenance  1  hour  (20  knots).. 

2/4/00 

Panel  inspection  1  hour  (20  knots).. 

2/11/00 

Panel  inspection  and  cage  removed  1  hour  (20  knots).. 

2/16/00 

Power  trials.  Boat  maintenance  and  panel  inspection  1  hour  (20  knots).. 
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5.0  Boat  Biofouling  and  Powering  Data 

5.1  Biofouling 

The  hull  was  covered  by  a  heavy  slime/microalgal  film  that  showed  no  signs  of  being 
removed  by  hydrodynamic  forces,  which  were  generated  when  the  boat  was  underway. 
The  film  was  tenacious  and  took  a  large  effort  to  remove  using  a  soft  cloth.  There  was 
only  scattered  hard  fouling  on  the  major  underwater  portion  of  the  hull.  This  included 
less  than  50  individual  barnacles  and  tubeworms.  Large  numbers  of  barnacles  were, 
however,  present  on  the  transom  which  is  in  a  hydrodynamically  quiet  zone 

5.2  Barnacle  Adhesion  Data 

Barnacle  adhesion  data  were  obtained  for  the  port  and  starboard  side  and  the  transom  of 
the  boat.  No  significant  differences  were  seen  between  the  adhesion  strength  of  barnacles 
to  the  different  areas  of  the  boat.  However,  there  does  appear  to  have  been  an  increase  in 
barnacle  adhesion  strength  with  time.  This  would  suggest  that  there  has  been  a  change  in 
the  fouling  release  properties  of  the  coating  since  it  was  applied  in  June  1998. 

Table  2.F.3.5.1  Barnacle  Adhesion  Data  for  the  T-Craft  RTV11+  10%  DMSC15 


Coating 


Position 

Barnacle  Type 

Sample  Size 

Ave.Adh  psi 

SD  Adh  psi 

Port 

343 

BALANUS  EBURNEUS 

18 

7.61 

3.24 

Port 

402 

BALANUS  EBURNEUS 

12 

14.14 

7.89 

Port 

441 

BALANUS  EBURNEUS 

18 

13.73 

5.40 

Port 

611 

BALANUS  IMPROVISUS 

17 

13.74 

6.11 

Starboard 

343 

BALANUS  EBURNEUS 

17 

6.24 

3.78 

Starboard 

402 

BALANUS  EBURNEUS 

4 

7.15 

4.42 

Starboard 

441 

BALANUS  EBURNEUS 

18 

12.25 

4.19 

Starboard 

611 

BALANUS  IMPROVISUS 

10 

13.20 

6.16 

Transom 

402 

BALANUS  EBURNEUS 

14 

6.48 

3.91 

Transom 

611 

BALANUS  IMPROVISUS 

8 

13.24 

5.48 
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5.3  Powering  Data 

The  most  recent  power  trials  were  run  on  16  February  2000.  Powering  data  are  presented 
as  propeller  revolutions  per  minute  (rpm)  versus  boat  speed  (knots).  Third  order 
polynomials  were  run  on  the  rpm  vs.  boat  speed  curves.  From  the  curve  fit  equations  the 
performance  data  are  presented  as  percentage  change  in  rpm  from  the  clean  hull 
condition.  Because  the  boat  is  a  planing  hull,  there  will  rarely  be  an  exact  match  of  rpm 
and  boat  speed,  however,  the  data  clearly  show  differences  in  performance  due  to 
biofouling. 


Table  2.F.3.5.2  3'^'*  OrderPolynomial  Equations  for  Power  Trials 


Run 

Condition 

Equation 

1 

Fouled 

y  =  1.0309x3  -  42.193x2  +  669.16x  -  893.19 

2 

Self  Cleaned 

y  =  0.7902x3  -  34.74x2  +  608.4x  -  870.98 

3 

Clean 

y  =  0.5121x3  -  24.532x2  +  481.29x  -  574.49 
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Figure  2.F.3.5.1  Propeller  rpni  vs.  boat  velocity  for  the  three  power  trials  (16  Feb 
2000). 
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Figure  2.F.3.5.2  Percentage  increase  in  propeller  rpm  vs.  boat  velocity  for  the  fouled 
compared  to  clean  hull  condition  (16  Feb  2000). 
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The  data  demonstrated  that  the  heavy  slime  and  microalgae  films  that  had  developed  on 
the  hull  significantly  reduced  performance.  The  initial  power  trial  (run  1)  had  slightly 
higher  powering  penalties  than  the  second  power  trial  (run  2)  which  was  run  after 
approximately  20  minutes  of  self  cleaning  at  20  knots.  However,  no  significant  self¬ 
cleaning  occurred.  The  power  trial  data  obtained  after  the  hull  had  undergone  an  in-water 
clean  showed  between  a  10  to  20%  improvement  in  performance  over  the  non-cleaned 
condition. 

6.0  Physical  Condition 

The  overall  physical  condition  of  the  coating  is  excellent,  with  no  signs  of  blistering  or 
delamination. 

7.0  Summary 

The  RTVll®  +  10%  DMSC15  oil  coating  has  shown  good  overall  characteristics, 
however,  it  appears  that  the  fouling-release  performance  has  declined  from  the  original 
condition.  This  is  demonstrated  by  observing  the  increase  in  barnacle  adhesion  strength 
with  time  (between  6  to  8  psi  at  day  343  and  between  13  to  14  psi  day  611). 
Furthermore,  the  most  recent  power  trials  showed  that  the  coating  was  no  longer  able  to 
self  clean  from  the  slime  and  microalgae  fouling. 

It  is  worth  noting  that  the  static  immersion  panels  have  retained  their  fouling  release 
properties  for  at  least  900  days.  This  would  suggest  that  either  there  is  a  difference  in  the 
properties  of  the  panel  and  boat  coatings,  or  that  the  dynamic  conditions  created  by  an 
operational  boat  enhances  the  removal  of  the  oil  from  the  coating,  hence  reducing  the 
fouling-release  properties.  It  is  well  known  that  static  immersion  testing  may  not  provide 
sufficient  hydrodynamic  energy  to  challenge  the  release  properties  of  coatings. 

Appendices 

Power  Data 


Hull  Condition 

Speed 

Propeller 

Fuel 

(knots) 

(rpmi 

(gPh) 

Run  1 

Fouled 

3.9 

1010 

1.6 

Fouled 

4.3 

1340 

2.3 

Fouled 

4.9 

1460 

2.7 

Fouled 

5.3 

1660 

3.9 

Fouled 

5.7 

1720 

4.2 

Fouled 

6.2 

1980 

5.6 

Fouled 

7.7 

2350 

6.6 

Fouled 

10.4 

2620 

7.3 

Fouled 

11.8 

2740 

7.5 

Fouled 

12.6 

2830 

8.1 

Fouled 

14.3 

3030 

9.7 

Fouled 

15.7 

3190 

10.1 

Fouled 

17.5 

3470 

10.6 
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APPENDIX  3.  TOXICITY  DATA 


Appendix  3.A.  Summary  of  coating  toxicity  measured  using  EPA  test  methods. 

Table  3.A.1  .  Summary  of  coating  toxicity  measured  using  EPA  test  methods.  Numbers  in 
parentheses  designate  the  number  of  the  downselect  coating  DBTDL  refers  to  dibutyltindilaurate. 


Coating 

Mysid 

LCso 

Silverside 

Fish 

LCso 

Diatom 

ICso 

DBTDL  (pg/L) 
100%  exudate 
(1*‘  24  soak) 

DBTDL  (pg/L) 
100%  exudate 
(4***  24  soak) 

RTVll®  (1) 

135% 

>300% 

9% 

966 

1823 

Silica  filled  base 

143% 

>300% 

33% 

69 

78 

RTV11®+ 10%  SF1154  (2) 

212% 

>300% 

63% 

60 

72 

RTVl  1®  +  10%  DBE224  (3) 

142% 

>300% 

102% 

42 

271 

RTV11®+  10%DMSC15 
(5) 

246% 

>300% 

105% 

57 

95 

RTV11®+ 10%  SF1147  (8) 

221% 

>300% 

205% 

36 

111 

RTVl  1®+  10%  ablative 
carbinol  (10) 

25% 

9% 

9% 

1 

1 

>300% 

23% 

91 

93 

RTV11®+  10%CMS222 
(12) 

193% 

>300% 

55% 

100 

174 

RTV11®  +  DMSC25  (16) 

185% 

>300% 

14% 

497 

1996 

RTV511  +DMSC15  (17) 

185% 

>300% 

22% 

322/ 

1097 

Commercially  available 
silicone  coating 

>300% 

>300% 

10% 

267 

73 

Ablative  copper  coating 

10% 

5% 

8% 

820  ug/L  Cu++ 

820  ug/L  Cu++ 
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EXECUTIVE  SUMMARY 


The  U.S.  Navy  requires  hull  coatings  that  are  environmentally  acceptable,  have  an 
effective  fouling  resistance,  and  are  durable  enough  to  perform  for  a  minimum  of  five  to 
seven  years.  An  effective  and  durable  silicone  foul-release  coating  system,  over  a  five- 
year  cycle,  will  result  in  increased  hull  speeds,  reduced  fuel  consumption,  decreased 
underwater  hull  cleaning,  reduced  scheduled  docking  requirements,  and  minimized 
hazardous  waste  generation  during  coating  removal. 

A  series  of  acute  static-renewal  (96-hour)  EPA  approved  bioassays  were  conducted  to 
estimate  the  potential  toxicity  of  13  silicone  foul-release  coatings  manufactured  by 
General  Electric.  One  coating  was  also  tested  for  chronic  effects  (growth  and  survival) 
with  a  7-day  test.  Bioassays  were  conducted  on  the  mysid  shrimp  (Mysidopsis  bahia), 
the  inland  silverside  (Menidia  beryllina),  and  the  marine  chain  diatom  {Skeletonema 
costatum).  Two  additional  coatings  (GE-0  and  International  Paints’  copper-based  BRA 
640),  previously  tested  with  the  shrimp  and  silverside,  were  tested  only  with  the  chain 
diatom. 

LCso’s  (the  concentration  of  a  toxicant  lethal  to  50%  of  the  tested  population)  or  ICso’s 
(the  concentration  of  a  toxicant  that  inhibits  50%  of  the  parameter  of  interest;  i.e. 
chlorophyll  fluorescence)  were  observed  in  all  diatom  tests  and  all  but  one  mysid  test,  but 
only  three  coatings  produced  LCso’s  in  the  fish  tests.  DBT  was  measurable  in  all  coating 
leachates.  However,  a  general  correlation  between  toxicity  and  DBT  concentration  was 
not  apparent.  For  most  coatings,  the  leach  rate  of  DBT  was  higher  at  Day  4  of  the 
bioassays  than  at  Day  1 . 

Of  the  13  silicone  coatings  tested,  RTVll®  +  10%  ablative  carbinol  was  the  most  toxic 
for  all  three  species,  generating  LCso’s  at  9%  and  25%  for  the  fish  and  mysid 
respectively,  and  an  ICso  at  9%  solution  for  the  diatom.  DBT  measurements  for  this 
coating  were  extremely  low,  suggesting  that  other  compounds  were  responsible  for  its 
lethality.  The  second  most  toxic  coating,  2001-4-6  Treco  also  contained  relatively  low 
DBT  levels.  At  3 1  and  92  ug/L  DBT  for  Day  1  and  Day  4  leachates,  respectively,  it  is 
feasible  that  DBT  may  have  contributed  to  its  toxicity. 

As  a  group.  Cl 80- 140-1,  Cl 80- 140-2  and  Cl 80- 140-3  demonstrated  relatively  moderate 
toxicity,  with  Cl  80- 140-2  apparently  the  most  lethal  of  the  three.  This  group  leached  the 
most  DBT  (322  -  1996  pg/L  in  100%  leachates)  of  all  coatings  tested,  and  it  is  suspected 
that  these  high  concentrations  played  a  role  in  the  fate  of  organisms  exposed  to  these 
coatings.  For  these  three  coatings,  there  did  appear  to  be  a  correlation  between  DBT  and 
toxicity  to  the  mysids  and  diatoms,  with  Cl 80- 140-2  leaching  the  most  DBT,  followed  by 
Cl 80- 140-1  and  then  Cl 80- 140-3. 

Although  ICso’s  were  observed  in  all  chain  diatom  tests,  RTVll®  +  10%,  ALT251, 
RTVll®  +  10%  CMS222,  RTVll®  +  10%  DBE224,  RTVll®  +  10%  DMSC15,  and 
RTVll®  +  10%  SF1154  demonstrated  relatively  low  toxicity.  The  only  discrepancy  was 
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RTvii®  +  10%  DBE224,  which  produced  relatively  high  toxicity  in  both  the  fish  and 
mysids. 


C507-64-1  was  the  only  eoating  that  did  not  produce  an  LC50  in  the  mysids.  No  toxicity 
was  observed  in  either  the  aeute  or  the  ehronic  fish  tests,  but  the  diatom  was  very 
sensitive  to  this  eoating,  where  an  IC50  of  10%  was  observed. 

GE-0  and  BRA  640  were  both  highly  toxie  to  the  chain  diatom  (the  only  species  tested 
for  these  two  eoatings),  resulting  in  IC50S  with  11  and  8%  solutions,  respectively.  High 
copper  eoneentration  (820  p,g/L)  in  the  100%  leaehates  probably  contributed  to  toxicity 
observed  in  BRA  640. 
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INTRODUCTION 


The  U.S.  Navy  requires  hull  coatings  that  are  environmentally  acceptable,  with  effective 
fouling  release  and  endurance  to  perform  for  a  minimum  of  five  to  seven  years.  An 
effective  and  durable  coating  should  increase  hull  speeds,  reduce  fuel  consumption, 
decrease  the  need  for  underwater  hull  cleaning,  reduce  the  need  for  scheduled  docking, 
and  minimize  the  generation  of  hazardous  waste  during  coating  removal. 

A  series  of  static-renewal  (96-hour)  EPA  (Environmental  Protection  Agency)  approved 
bioassays  were  conducted  to  estimate  the  potential  toxicity  of  13  silicone  foul-release 
coatings  on  the  mysid  shrimp  (Mysidopsis  bahia),  the  inland  silverside  (Menidia 
beryllina),  and  the  marine  chain  diatom  (Skeletonema  costatum).  A  chronic  7-day 
bioassay  was  performed  on  one  coating.  In  addition,  a  copper  sulfate  reference  solution 
was  tested  (positive  control)  on  all  species.  Bioassay  organisms  representing  different 
phyla  were  chosen  and  tested  to  represent  a  potential  “risk”  to  the  marine  environment. 
Mysid  shrimp  were  selected  to  represent  a  benthic,  or  bottom-dwelling,  response,  while 
inland  silversides  (fish)  were  selected  to  represent  a  pelagic,  or  swimming,  animal 
response.  The  phytoplankton  marine  chain  diatom  was  used  to  observe  any  potential 
effects  on  the  primary  producers  in  marine  waters.  The  end-points  measured  were 
survival  in  the  mysids  and  fish  (LC50:  =  the  concentration  of  a  toxicant  that  results  in 
mortality  of  50%  of  the  tested  population),  growth  in  the  fish  (mean  weight,  mg),  and 
biomass,  or  chlorophyll  fluorescence,  in  the  diatoms  (IC50:  =  the  concentration  of  a 
toxicant  that  inhibits  50%  of  a  physiological  process). 

Coating  extracts  were  analyzed  for  the  leachable  catalyst  dibutyltin  dilaurate  (DBT)  or 
total  copper.  Coatings  were  leached  in  seawater  and  100%  leachates  were  analyzed  by 
hydride  derivitization  followed  by  atomic  absorption  for  DBT  measurements.  Copper 
was  measured  from  100%  leachates  with  a  HACH  DR/2000  Spectrophotometer. 

MATERIALS  AND  METHODS 

Test  Equipment  Preparation  for  Mysids  and  Fish 

All  test  chambers  were  constructed  from  borosilicate  glass  beakers  with  lids.  The  copper 
reference  assays  were  conducted  in  polypropylene  tri-pour  beakers.  All  beakers  were 
washed  with  a  critical  cleaner  (Citranox)  and  rinsed  with  10%  nitric  acid.  A  minimum  of 
three  deionized  water  rinses  followed  each  cleaning  procedure.  All  acute  toxicity  tests 
with  the  mysids  were  conducted  in  300  ml  beakers  with  200  ml  dilution  water.  The  fish 
were  maintained  in  400  ml  beakers  containing  250  ml  of  dilution  water  for  acute  tests  and 
600  ml  beakers  containing  500  ml  of  dilution  water  for  chronic  tests. 

Source  and  Acclimation  of  Test  Species 

One-day  old  mysids  and  seven-day  old  fish  were  shipped  overnight  from  Aquatic 
Indicators,  St.  Augustine,  Florida,  to  our  laboratory.  Both  species  were  slowly 
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acclimated  in  a  25°C  waterbath  and  transferred  by  pipette  to  holding  tanks  containing 
fdtered  (0.45  pm)  seawater.  The  dilution  water  used  for  testing  was  obtained  from  the 
SPAWAR  Biological  Effects  Program  (BEP)  bioassay  facility  located  near  the  mouth  of 
San  Diego  Bay,  California.  Water  was  filtered  through  a  coarse  sand  fdter  prior  to 
fdtration  through  a  5  pm  filter  cartridge  and  finally  a  0.45  pm  filter  cartridge.  The  test 
animals  were  slowly  acclimated  to  the  test  water  salinity  of  33^ Im  (parts  per  thousand) 
over  a  period  of  3  to  4  days  from  an  initial  salinity  of  approximately  20%o-  All  test 
organisms  were  fed  daily  with  freshly  hatched  Artemia  brine  shrimp. 

The  marine  diatom  Skeletonema  costatum  was  obtained  from  Monterey,  California.  The 
cultures  were  maintained  on  an  enriched  seawater  medium  (ESM)  (ASTM,  1995)  using 
filtered  (0.22  pm)  seawater  collected  at  our  test  facility.  Sub-samples  (approximately  1 
ml)  of  stock  cultures  were  routinely  aliquoted  into  fresh  media  to  maintain  high  cell 
densities.  The  diatom  was  cultured  in  an  incubator  at  20°C  under  cool  white  fluorescent 
bulbs  at  a  light  intensity  of  approximately  4000  lux  for  12  hours  per  day. 

Preparation  of  Seawater  Extracts  for  All  Coatines 

All  test  coupons  (~  3.8  cm  X  3.8  cm  in  size)  were  soaked  in  filtered  (0.45  pm)  seawater 
for  24  hours  at  25  °C  prior  to  use.  New  solutions  were  made  daily  using  the  same  test 
coupons  for  the  following  day’s  water  renewal.  An  initial  dose  of  one  coupon  soaked  for 
24  hours  in  250  ml  of  filtered  seawater  was  tested  for  some  coatings  (1  coupon/250  ml 
seawater  soaked  for  24  hours  =  100%  extraet  or  leaehate).  An  inerease  in  dosage  was 
aeeomplished  by  soaking  3  eoupons  in  250  ml  of  filtered  seawater  (300%  extract  or 
leachate  =  12  eoupons  or  equivalent  surfaee  area  of  the  coating  soaked  in  1  liter  of 
seawater  for  24  hours).  Extraets  ran  as  high  as  300%  for  all  bioassays  while  lower 
eoneentrations  were  made  by  diluting  the  300%  solution  with  makeup  water.  Leachates 
(100%  eoneentration)  were  analyzed  for  DBT  by  purge  and  trap  hydride  derivitization 
followed  by  atomie  absorption  (Stallard  et  al.,  1989).  Identification  of  DBT  was 
accomplished  by  gas  ehromatography  (Testa  and  Dooley,  1989;  Meyers-Schulte  and 
Dooley,  1990).  Deteetion  of  tin  is  at  less  than  1  part  per  trillion  (nanograms  per  liter). 
One  leaehate  (BRA  640)  was  analyzed  for  copper  with  a  HACH  DR/2000 
Speetrophotometer. 

Experimental  Test  Desisn  and  Protocols  for  Mysidopsis  bahia  and  Menidia  beryllina 
(Acute) 

Toxicity  testing  of  all  eoatings  eonsisted  of  4-day  static-renewal  acute  tests.  These  assays 
were  conducted  to  assay  for  potential  toxieity  arising  from  exposure  to  silicone -based 
coatings  in  both  species.  Referenee  tests  with  the  toxicant  copper  sulfate  were  conducted 
alongside  the  coating  tests  to  ensure  good  health  and  normal  sensitivity  of  the  test 
organisms. 

Environmental  Protection  Agency  (EPA)  test  protocols  were  followed  for  the  mysid  and 
fish  bioassays  (EPA/600/4-90/027F,  August  1993).  For  acute  bioassays,  test  chamber 
sizes  for  the  mysids  and  fish  were  300  and  400  ml  beakers  filled  with  200  and  250  ml  of 
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leachate  solution,  respectively.  The  average  age  of  the  animals  was  5  days  and  13  days  at 
the  start  of  the  bioassays  for  the  mysids  and  fish,  respectively.  Ten  animals  were 
administered  to  each  beaker.  Each  test  concentration  was  replicated  twice.  Assays  began 
by  pouring  approximately  50  ml  of  the  appropriate  test  dilution  into  beakers,  gently 
pipetting  organisms  from  holding  tanks  into  the  beakers,  and  topping  off  with  test 
solution  to  a  final  volume  of  either  200  or  250  ml.  Test  beakers  were  covered  with  glass 
lids  and  held  in  a  recirculating  waterbath  at  25°C.  All  animals  were  fed  daily  with  newly 
hatched  Artemia  brine  shrimp.  Solutions  were  renewed  every  24  hours  at  which  time 
beakers  were  cleaned  and  seawater  chemistry  measurements  (temperature,  pH,  dissolved 
oxygen)  were  recorded.  Minimum  requirements  for  test  acceptability  for  dissolved 
oxygen  are  40%  saturations  for  acute  tests  and  the  seawater  temperature  must  not 
fluctuate  more  than  +  2°C. 

Test  concentrations  ranged  from  18.75%  to  300%  extract.  In  addition,  seawater  controls 
were  used  for  each  test.  Percent  survival  was  calculated  and  graphed  for  all  tests.  LC50 
and  IC50  values  were  estimated  by  linear  interpolation  between  the  two  concentrations 
whose  responses  bracketed  the  response  of  interest  (EPA/600/R-95/136,  August  1995). 
The  EPA  requires  that  at  least  90%  of  larvae  in  the  controls  survive  for  the  test  to  be 
acceptable. 

Experimental  Test  Deshn  and  Protocols  for  Menidia  beryllina  (Chronic) 

A  7-day  bioassay  was  conducted  to  measure  potential  chronic  effects  of  one  coating  for 
the  fish.  As  with  the  acute  bioassays,  EPA  methods  were  followed  in  the  chronic  tests 
(EP A/600/4-9 1/003,  July  1994).  Test  chambers  for  chronic  bioassays  were  600  ml 
beakers  filled  with  500  ml  of  leachate  solution.  The  age  of  animals  at  the  start  of  the  test 
was  10  days.  Ten  fish  were  administered  to  each  beaker.  Each  test  concentration  was 
replicated  three  times.  Chronic  tests  were  conducted  under  the  same  conditions  as  acute 
tests.  As  with  the  acute  tests,  a  copper  reference  test  was  run  alongside  the  coating  test  to 
ensure  good  health  and  normal  sensitivity  of  the  test  organisms. 

At  the  end  of  the  chronic  tests,  surviving  fish  were  sacrificed  by  exposure  to  a  cold  water 
bath.  After  a  freshwater  rinse  to  remove  Artemia  and  salts,  fish  were  placed  on  tarred 
weighing  pans  and  dried  for  24  hours  at  60  °C.  Mean  individual  weight  was  calculated 
for  each  test  concentration  and  plotted  against  the  control  weights  to  determine  if  there 
was  any  effect  on  growth.  Chronic  test  results  are  acceptable  if  a)  the  average  survival  of 
control  larvae  is  at  least  80%  and  b)  average  dry  weight  of  surviving  control  larvae  is  at 
least  0.5  mg. 

Experimental  Test  Desisn  and  Protocols  for  Chain  Diatom  Biomass  (Fluorescence)  in 
Skeletonema  costatum 


Prior  to  testing,  subcultures  of  Skeletonema  were  maintained  in  enriched  seawater 
medium  (ESM)  in  500  ml  borosilicate  Erlenmeyer  flasks  under  a  light  regime  of  12:12 
hours  (light:dark)  at  a  light  intensity  of  approximately  4000  lux  from  cool  white 
fluorescent  bulbs.  Culture  temperature  was  maintained  at  20°C.  Test  protocols  used 
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were  from  the  American  Society  for  Testing  and  Materials  Standard  Guide  for 
Conducting  Static  96-hr  Toxicity  Test  with  Microalgae  E1218  (ASTM,  1995).  At  the 
beginning  of  each  assay,  test  flasks  containing  150  ml  of  test  solution  were  inoculated 
with  approximately  2X10'^  cells/ml  Skeletonema.  Test  solution  was  made  by  combining 
leachate  and  fdtered  (0.22  pm)  seawater  in  appropriate  volumes  to  achieve  the  desired 
dilution  (i.e.  18.75%  extract).  For  most  tests,  dilutions  ranged  from  18.75%  to  300%. 
Test  concentrations  for  BRA  640  and  GE-0  assays  ranged  from  0.5%  to  100%.  Seawater 
controls  were  used  in  each  test.  As  with  the  fish  and  mysids,  seawater  was  collected  from 
the  SPA  WAR  test  facility  in  Point  Loma,  San  Diego,  California.  No  leachates  exhibited 
a  background  fluorescence  that  could  confound  test  results.  A  Turner  Model  112 
fluorometer  was  used  to  measure  in  vivo  fluorescence  from  the  growing  cultures.  The 
fluorometer  was  equipped  with  a  combination  T-5  lamp,  a  red  sensitive  photomultiplier 
tube  (R-136),  a  blue  excitation  filter  (5-60),  and  a  red  filter  (2-64)  to  detect  fluorescence 
at  wavelengths  >  640  nanometers  (nm).  Chlorophyll  a  fluorescence  has  maximum 
emission  at  663  nm.  The  fluorometer  was  zeroed  between  readings  with  filtered  (0.22 
pm)  seawater.  All  flasks  were  read  within  one  hour  after  introduction  of  the  diatoms  into 
the  flasks  and  at  24-hour  intervals  for  a  period  of  96  hours.  The  measured  fluorescence  is 
directly  related  to  cell  number  and  to  the  presence  of  viable  diatom  cells  relative  to  the 
leachate  concentration.  Mean  relative  fluoreseenee,  standard  deviation,  and  coefficient  of 
variation  were  ealeulated  for  the  eontrols  and  eaeh  leachate  concentration.  Relative 
fluorescence,  expressed  as  pereent  of  eontrol  was  plotted  over  time  for  the  entire  test.  An 
IC50  was  ealeulated  from  96-hour  data.  The  test  aeeeptability  criteria  for  this  test  require 
that  the  eontrols  eontain  at  least  10^  eells/ml  at  96  hours. 
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RESULTS 


All  bioassays  were  completed  successfully  and  deemed  valid  according  to  EPA 
acceptability  criteria  (i.e.  control  survival  greater  than  or  equal  to  90%  in  the  mysid  and 
fish  tests  and  control  densities  greater  than  10^  cells/ml  in  the  diatom  test).  Water  quality 
parameters  were  within  acceptable  ranges  and  copper  sulfate  reference  tests  resulted  in 
acceptable  LCso’s,  A  summary  of  results  for  all  coatings  tested  is  presented  in  Table 
3.B.I. 

Toxicity  of  RTV  +  10%  Ablative  Carbinol  and  RTV  +  10%  Ablative  Phenyl  to 
Mysidovsis  bahia  (mysid  shrimp),  Menidia  beryllina  (inland  silverside),  and 
Skeletonema  costatum  (chain  diatom) 

Leachate  concentrations  ranged  from  18.75%  to  300%  for  all  tests.  RTVll®  +  10% 
ablative  carbinol  was  the  most  toxic  among  the  13  coatings  tested  with  all  three  species 
(Table  3.B.1).  LCsos  were  observed  at  25%  and  9%  leachate  for  the  mysid  (Figure  3.B.3) 
and  fish  (Figure  3.B.4)  tests,  respectively.  An  IC50  was  estimated  at  9%  leachate  for  the 
chain  diatom  (Figures  3.B.5,  3.B.6).  Nearly  complete  inhibition  of  chlorophyll 
fluorescence  was  observed  at  the  lowest  concentration  (18.75%)  after  only  one  day  of 
exposure  (Figure  3.B.5).  Very  low  levels  of  DBT  (0.8  and  0.5  qg/L  on  day  1  and  day  4, 
respectively)  were  measured  in  the  100%  leachate  (Table  3.B.1,  Figure  3.B.2). 

RTVll®  +  10%  ablative  phenyl  was  relatively  toxic  to  both  the  mysid  shrimp  (Figure 
3.B.7)  and  ehain  diatom  (Figures  3.B.9,  3.B.10;  LC50  of  131%  and  IC50  of  23%  leachate, 
respectively),  but  no  LC50  oecurred  in  the  fish  bioassay  (Figure  3.B.8,  Table  3.B.1). 
Some  mortality  was  observed  in  the  fish,  beginning  with  the  150%  leachate  (85% 
survival.  Figure  3.B.8).  DBT  concentrations  in  the  100%  leachate  were  91  qg/L  on 
extracts  prepared  for  day  1  and  93  qg/L  for  day  4  of  the  acute  bioassays  (Table  3.B.1, 
Figure  3.B.2). 


Toxicity  of  2001-1-1  Treco  and  2001-4-6  Treco  to  Mysidovsis  bahia  (mysid  shrimp), 
Menidia  beryllina  (inland  silverside),  and  Skeletonema  costatum  (chain  diatom) 

Leachate  concentrations  ranged  from  18.75%  to  300%  for  all  tests.  For  1-1  Treco,  an 
LC50  was  observed  at  143%  leachate  for  the  mysids  (Figure  3.B.11),  but  no  LC50  was 
obtained  for  the  fish.  Survival  of  the  fish,  however,  was  only  60%  in  the  300%  leachate 
(Figure  3.B.12).  An  IC50  was  observed  in  the  chain  diatom  at  33%  leachate  (Figures 
3.B.13,  3.B.14).  DBT  measurements  were  69  qg/L  in  Day  1  100%  leachates  and  78  qg/L 
in  Day  4  100%  leachates  (Table  3.B.1,  Figure  3.B.2). 

The  4-6  Treco  was  more  toxic  than  1-1  Treco  for  all  three  species  tested  (Table  3.B.1). 
LC50S  were  observed  at  113%  leachate  for  the  mysid  shrimp  (Figure  3.B.15)  and  286% 
leachate  for  the  fish  (Figure  3.B.16).  An  IC50  was  generated  at  10%  leachate  for  the 
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chain  diatom  (Figures  3.B.17,  3.B.18).  The  DBT  concentration  in  the  100%  leachate  was 
31  |ig/L  (Day  1)  and  93  |ig/L  (Day  4)  (Table  3.B.1,  Figure  3.B.2). 

Toxicity  of  C180-140-1,  C180-140-2,  and  C180-140-3  to  Mysidovsis  bahia  (mvsid 
shrimp),  Menidia  beryllina  (inland  silverside),  and  Skeletonema  costatum  (chain 
diatom) 

Toxicity  of  this  group  of  coatings  was  mixed,  with  relatively  high  toxicity  observed  in  the 
diatom,  moderate  toxicity  in  the  mysid  shrimp,  and  essentially  no  toxicity  in  the  fish. 
Mysid  LCso’s  were  the  same  (185%  leachate)  for  both  C180-140-1  and  C180-140-3 
(Figures  3.B.19,  3.B.27).  lC50’s  for  the  chain  diatom  were  14%  leachate  and  22% 
leachate  for  C180-140-1  and  C180-140-3,  respectively  (Figures  3.B.21,  3.B.22,  3.B.29, 
3.B.30).  No  LCSO’s  were  noted  in  the  fish  for  either  coating  (Figures  3.B.20,  3.B.28). 
C180-140-1  and  C180-140-3  DBT  values  were  497  and  322  \iglh  in  Day  1  100% 
leachates  and  1996  pg/L  and  1097  pg/L  in  Day  4  leachates,  respectively  (Table  3.B.1, 
Figure  3.B.2). 

Cl 80- 140-2  exhibited  the  most  toxicity  among  the  three  coatings,  with  a  mysid  LC50  at 
135%  leachate  (Figure  3.B.23)  and  diatom  IC50  at  9%  leachate  (Figures  3.B.25,  3.B>26). 
Only  a  slight  lethal  response  was  observed  in  the  fish,  where  85%  survival  was  recorded 
in  the  300%  eoneentration  (Figure  3.B.24).  DBT  measurements  in  Cl 80-140-2  were  the 
highest  among  the  eoatings  tested  (966  pg/L  at  Day  1  and  1823  pg/L  at  Day  4;  Table 
3.B.1,  Figure  3.B.2). 

Toxicity  of  RTV  +  10%  ALT25L  RTV  +  10%  CMS222.  RTV  +  10%  DBE224.  RTV  + 
10%  DMSC15,  and  RTV  +  10%  SF1154  to  Mysidopsis  bahia  (mysid  shrimp),  Menidia 
beryllina  (inland  silverside),  and  Skeletonema  costatum  (chain  diatom) 

In  general,  this  group  exhibited  relatively  low  toxicity.  Of  the  five,  DBE  224  was  the 
most  lethal  coating  to  the  mysid  shrimp,  producing  an  LC50  at  142%  leachate  (Figure 
3.B.39).  The  remaining  four  coatings  exhibited  less  toxicity  (Table  3.B.1).  LCsos  were 
193%  for  CMS222  (Figures  3.B.37,  3.B.38),  212%  for  SF1154  (Figures  3.B.49,  3.B.50), 
and  221%  for  ALT251  (Figures  3.B.33,  3.B.34),  and  246%  leachate  for  DMSC15 
(Figures  3.B.45,  3.B.46). 

The  fish  bioassays  also  revealed  DBE224  to  be  the  most  toxic  in  this  group  of  five 
coatings,  with  an  LC50  observed  at  300%  (Table  3.B.1,  Figure  3.B.40).  No  other  coatings 
in  this  group  resulted  in  LCsos  with  fish,  but  some  mortality  was  noted  in  the  higher 
concentrations.  In  the  300%  test  solutions,  survival  was  65%  for  DMSC15  (Figure 
3.B.44),  80%  for  ALT251  (Figure  3.B.32)  and  SF1154  (Figure  3.B.48),  and  85%  for 
CMS222  (Figure  3.B.36). 

Of  the  three  species  used,  the  chain  diatom  was  the  most  sensitive  to  this  group  of 
coatings.  CMS222  (IC50  =  55%  leachate)  (Figures  3.B.37,  3.B.38)  and  SF1154  (IC50  = 
63%  leachate)  (Figures  3.B.49,  3.B.50),  however,  were  more  toxic  than  DBE224,  where 
an  IC50  of  102%  leachate  was  obtained  (Figures  3.B.41,  3.B.42).  DMSC15  produced  an 
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ICso  at  105%  leachate  (Figures  3.B.45,  3.B.46),  while  ALT251  (IC50  =  205%  leachate) 
(Figures  3.B.33,  3.B.34)  was  the  least  toxic  of  all  12  coatings  for  the  diatom  bioassays. 

DBE224  and  CMS222  leached  the  most  DBT  in  this  group,  with  Day  1  measurements  of 
42  and  100  pg/L  and  Day  4  measurements  of  271  and  174  pg/L,  respectively,  in  the 
100%  leachates  (Table  3.B.1,  Figure  3.B.2).  DBT  values  were  36  pg/L  (Day  1)  and  111 
pg/L  (Day  4)  for  ALT251,  57  pg/L  (Day  1)  and  95  pg/L  (Day  4)  for  DMSC15,  and  60 
pg/L  (Day  1)  and  72  pg/L  (Day  4)  for  SFl  154  (Table  3.B.1,  Figure  3.B.2). 

Toxicity  of  C507-64-1  to  Mysidopsis  bahia  (mvsid  shrimp),  Menidia  beryllina  (inland 
silverside),  and  Skeletonema  costatum  (chain  diatom) 

Leachate  concentrations  ranged  from  18.75%  to  300%  for  both  acute  and  chronic  toxicity 
bioassays.  This  was  the  only  coating  of  the  13  tested  where  no  LC50  was  observed  in  the 
mysids  (Figure  3.B.51).  Some  toxicity,  however,  was  apparent  at  300%  leachate,  where 
only  70%  of  the  mysids  survived  (Figure  3.B.51). 

No  effect  on  survival  was  observed  in  either  the  acute  or  chronic  fish  tests  (Figures 
3.B.52,  3.B.53).  In  addition,  there  did  not  appear  to  be  any  effect  on  fish  growth  (Figure 
3.B.54).  Mean  individual  weight  of  control  fish  well  exceeded  the  minimum  0.50  mg 
required  for  chronic  test  acceptability  (Figure  3.B.54). 

C507-64-1  was  among  the  most  toxic  coatings  to  the  chain  diatom,  where  an  IC50  of  10% 
leachate  was  observed  (Figures  3.B.55,  3.B.56). 

Acute  100%  leachates  contained  267  pg/L  and  73  pg/L  DBT  on  Day  1  and  Day  4, 
respectively  (Table  3.B.1,  Figure  3.B.2).  The  chronic  leachates,  which  were  prepared 
from  different  paint  samples,  contained  85  and  81  pg/L  DBT  on  Days  1  and  4, 
respectively.  The  Day  7  chronic  leachate  contained  85  pg/L  DBT. 

Toxicity  of  BRA  640  and  GE-0  to  Skeletonema  costatum  (chain  diatom) 

Leachate  concentrations  ranged  from  0.5%  to  100%.  Both  coatings  were  highly  toxic  to 
the  diatom,  with  ICsos  observed  at  8%  and  11%  solution  for  BRA  640  (Figure  3.B.57, 
3.B.58)  and  GE-0  (Figure  3.B.59,  3.B.60),  respectively.  Copper  levels  for  BRA  640  (820 
pg/L  in  100%  leachate)  were  much  higher  than  what  is  nomially  required  to  produce  an 
IC50  in  the  chain  diatom  (Table  3.B.1).  DBT  was  not  measured  in  either  of  these 
coatings. 


Toxicity  of  copper  sulfate  (reference  toxicant)  to  Mysidopsis  bahia  (mvsid  shrimp)  and 
Menidia  beryllina  (Inland  silverside) 

Exposure  to  copper  sulfate  reference  solutions  ranged  between  18.75  and  300  pg/L  in 
addition  to  a  seawater  control.  LC50S  were  observed  in  the  mysid  (216  pg/L)  (Figure 
3.B.61)  and  in  the  fish  (200  pg/L)  (Figure  3.B.62).  An  LC50  was  observed  at  214  pg/L 
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copper  in  the  chronic  fish  test  (Figure  3.B.63).  These  results  were  within  the  expected 
toxicity  range  (137-196  pg/L  for  mysids  and  124-362  pg/L  for  fish)  (Morrison  et  ah, 
1989). 

CONCLUSIONS 

The  chain  diatom  appeared  to  be  the  most  sensitive  species  tested,  followed  by  the  mysid 
shrimp  and  the  less  sensitive  fish.  ICsos  were  observed  in  all  diatom  tests,  and  all  but  one 
mysid  test  (C507-64-1)  resulted  in  an  LCso-  Only  three  coatings,  however,  produced 
LCsos  in  the  fish  tests.  DBT  was  measurable  in  all  coating  leachates,  but  a  general 
correlation  between  toxicity  and  DBT  concentration  was  not  apparent.  In  general,  the 
leach  rate  of  DBT  was  higher  at  Day  4  of  the  bioassays  than  at  Day  1. 

The  most  toxic  coating  of  those  tested  with  all  three  species  was  RTVl  1®  +  10%  ablative 
carbinol.  Although  extreme  toxicity  was  observed  in  all  three  bioassays,  leachates  from 
the  coating  contained  minimal  DBT,  suggesting  that  other  compounds  were  responsible 
for  its  lethality.  The  second  most  toxic  coating,  2001-4-6  Treco  also  contained  relatively 
low  DBT  levels.  Concentrations  of  31  and  92  pg/L  DBT  for  Day  1  and  Day  4  leachates, 
respectively,  however,  suggest  that  it  is  feasible  that  DBT  may  have  contributed  to  its 
toxicity. 

As  a  group.  Cl 80- 140-1,  Cl 80- 140-2,  and  Cl 80- 140-3  demonstrated  relatively  moderate 
toxieity,  with  Cl  80- 140-2  apparently  the  most  lethal  of  the  three.  DBT  concentrations  in 
this  group  were  at  least  one  order  of  magnitude  higher  than  most  other  coatings  analyzed 
(322  -  1996  pg/L  in  100%  leaehates)  and  likely  played  a  role  in  the  fate  of  organisms 
exposed  to  these  leaehates.  For  these  three  eoatings,  there  did  appear  to  be  a  positive 
relationship  between  DBT  and  toxieity  to  the  mysids  and  diatoms,  with  Cl 80-140-2 
leaehing  the  most  DBT,  followed  by  C180-140-1  and  then  C180-140-3  (Table  3.B.1, 
Figure  2). 

Although  ICso’s  were  observed  in  all  ehain  diatom  tests,  RTVll®  -i-  10%  ALT251, 
RTVll®  +  10%  CMS222,  RTVll®  +  10%  DBE224,  RTV  +  10%  DMSC15,  and 
RTVll®  +  10%  SF1154  resulted  in  relatively  low  toxicity.  The  only  discrepancy  was 
RTVll®  +  10%  DBE224,  which  caused  relatively  high  mortality  in  both  the  fish  and 
mysids. 

C507-64-1  was  essentially  non-toxic  to  both  fish  and  mysids.  This  was  the  only  coating 
that  did  not  produce  an  EC50  for  the  mysids.  The  diatom,  however,  was  very  sensitive  to 
this  coating,  which  could  be  due  at  least  in  part  to  relatively  high  levels  of  DBT  (267 
pg/E)  measured  in  the  day  1  acute  100%  leachate. 

GE-0  and  BRA  640  were  both  highly  toxic  to  the  chain  diatom  (the  only  species  tested 
for  these  two  coatings),  resulting  in  IC50S  of  11  and  8%  solution,  respectively.  High 
copper  concentration  (820  pg/E)  in  the  100%  leachates  probably  contributed  to  toxicity 
observed  in  BRA  640. 
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Table  3.B.1  Summary  of  test  results. 
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Table  1 


.^mm 


Summary  of  Test  Results 


Coating 

Mysid  Test 
LCSO 

Rsh  Test 
IC50 

Diatom  Test 

1C  50 

DBT(ug/4 
100%  leachate 
(Day  1/Day  4) 

RTV  +  1 0%  ablative  carbinol 

25% 

9% 

9% 

1/1 

RTV  +  1 0%  ablative  phenyl 

131% 

>300% 

23% 

91/93 

2001-1-1  Treco 

143% 

>300% 

33% 

69/78 

2001-4-6  Treco 

113% 

286% 

10% 

31/92 

Cl  80-140-1 

185% 

>300% 

14% 

497/1996 

Cl  80-140-2 

135% 

>300% 

9% 

966/1823 

Cl  80-140-3 

185% 

>300% 

22% 

322/1097 

RTV+  10%  ALT251 

221% 

>300% 

205% 

36/1 1 1 

RTV+  10%CMS222 

193% 

>300% 

55% 

100/174 

RTV  +  10%  DBE224 

142% 

300% 

102% 

42/271 

RTV  +  10%  DMSC15 

246% 

>300% 

105% 

57/95 

RTV+  10%  SF 11 54 

212% 

>300% 

63% 

60/72 

GE-0 

_ 

_ 

11% 

_ 

BRA  640 

- 

- 

8% 

820  ug/L  Cu++ 

C507-64-1  (acute) 

>300% 

>300% 

10% 

267/73 

C507-64-1  (chronic) 

- 

>300% 

- 

85/81 
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Coatings  Tested 


C- 180- 140-1 
C- 180- 140-2 
C- 180- 140-3 

RTV  +  1 0%  ablative  carbinol 
RT V  +  1 0%  ablative  phenyl 
RTV+  10%  ALT251 
RTV  +  10%  CMS222 
RTV  +  10%  DBE224 


RTV+  10%DMSC  15 
RTV+  10%SF1154 
2001-1-1  Treco 
2001-4-6  Treco 
C507-64-1 

BRA  640  (chain  diatom  only) 
GE-0  (chain  diatom  only) 


Figure  1 

Figure  3.B.1  Coatings  tested. 
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Figure  3.B.2 
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RTV  +  10%  Ablative  Carbinol 

Menidia  beryllina  (Fish)  Acute  Bioassay 


SFmUR 

’T 

Sysiemsi  Center 
Sen  Diego 


LC50  =  9.4% 


Figure  3.B.4 
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Relative  Fluorescence  (%  of  Control)  ^  Relative  Fluorescence  (%  of  Control) 


RTV  +  10%  Ablative  Carbinol 

Skeletonema  costatum  (Diatom)  Acute  Bioassay 


96-hour  IC50:  9.9% 
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Concentration  (%  extract) 


RTV  +  10%  Ablative  Carbinol 

Skeletonema  costatum  (Diatom)  Acute  Bioassay 


96-hour  IC50:  9.9% 


Concentration  (%  extract) 


Figure  3.B.6 
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RTV  +  10%  Ablative  Phenyl 

Mysidopsis  bahia  (Mysid  shrimp)  Acute  Bioassay 
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RTV  +  10%  Ablative  Phenyl 

Menidia  beryllina  (F\sh)  Acute  Bioassay 

LC50  >  300% 
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Figure  3.B.8 
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RTV  +  10%  Ablative  Phenyl 

Skeletonema  costatum  (Diatom)  Acute  Bioassay 
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Figure  3.B.9 
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Figure  3.B.12 
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Relative  Fluorescence  {%  of  Control)  Relative  Fluorescence  (%  of  Control) 
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96-hour  IC50:  32.8% 
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Figure  3B.  14 
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Figure  3.B.26 
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Figure  3.B.27 
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Figure  3.B.30 
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Figure  3.B.34 
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RTV+  10%  DMSC15 

Mysidopsis  bahia  (Mysid  shrimp)  Acute  Bioassay 

LC50  =  246% 
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APPENDIX  4.  VALIDATION  TRIALS 


)endix  4.A.  Large-scale  validation  report 


APPLICATION  OF  A  FOUL-RELEASE  COATING  SYSTEM  (RTVll  WITH  SF1147 
TOPCOAT  OVER  SEA/SCM  TIE  COAT)  ON  USS  WYOMING  (SSBN-742)  DURING 
REFIT#  12  AT  TRIDENT  REFIT  FACILITY  (TRF),  KINGS  BAY,  GEORGIA 


Place  Visited:  Trident  Refit  Facility,  Kings  Bay,  GA 


Dates  Visited:  11-18  October  2000 


Visited  by:  Thomas  Radakovich 

Code  641 

Naval  Surface  Warfare  Center, 

Carderock  Division  (NSWCCD) 

Bethesda,  MD 

Purpose:  The  purpose  of  this  trip  was  to  document  the  application  of  a  silicone-based  foul- 
release  coating  system  on  a  test  area  on  the  USS  WYOMING  (SSBN-742)  at  TRF,  Kings  Bay, 
Georgia.  Foul-release  eoatings  are  designed  to  eontrol  fouling  by  creating  a  slick,  low  energy 
surface  to  whieh  fouling  organisms  eannot  tenaeiously  attaeh. 

Application:  The  foul  release  system  applied  was  RTVll®  with  10%  SF1147  over  an 
SEA/SCM  tie  eoat.  General  Eleetrie  Company  (GE)  manufactures  RTVl  1®,  SFl  147  oil,  and  the 
tie  eoat  system  eomponents.  The  system  was  applied  on  a  test  area  on  the  port  side  of  the  ship. 
Most  of  the  test  area  is  loeated  just  below  maximum  beam  between  frames  42  and  53.  This 
seetion  is  about  30  ft  long  (9.1  m)  and  20  ft  (6.1  m)  high.  A  portion  of  the  test  area  extends  up 
above  maximum  beam  between  frames  51  and  53  and  measures  about  5  ft  by  5  ft  (1.5  mx  1.5 
m). 

Surface  preparation,  accomplished  by  TRF,  Shop  71  A,  eonsisted  of  wet  grit  blasting  the  surface  to 
a  near  white  metal  finish  (SSPC-SP-10  aeeording  to  "Standards  of  Surface  Finish"  published  by 
Steel  Structures  Painting  Couneil).  The  blast  media,  Blaek  Beauty  coal  slag,  was  mixed  with  water 
at  the  blast  nozzle  to  reduce  dust.  Rust-Liek  B  (ITW  Fluid  Products  Group)  rust  inhibitor  was  used 
to  prevent  flash  rusting. 

The  complete  coating  system,  beginning  with  the  first  eoat  applied  to  the  steel  hull,  is  shown  in 
Table  4.A.I.  The  first  two  coats  were  applied  by  TRF,  Shop  71  A.  The  third,  fourth,  and  fifth 
coats  were  applied  by  GE  personnel. 
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Table  4.A.I.  Foul-release  coating  system 


Coat 

Coating  System 

lst-2nd 

MlL-P-24441,  Type  111 

3rd 

Ameron  Marine  Coatings 

Amerlock  400  (Gray  epoxy;  two  components) 

Batch  Nos. 

Base -LR2000030 194 

Hardener  -  LR2000030252 

4th 

GE  Silicones 

Base  -  SEA  210A  (Batch  No.  JK071) 

Thinned  with  Sherwin-Williams  Retarder  Thinner  K27 
(20%  by  weight)  and  VM&P  Naphtha  (20%  by  weight) 

Catalyst  -  SCM  50 1C  (Batch  No.  KD901) 

(Approximately  3%  by  weight) 

Topcoat 

GE  Silicones 

RTVl  1  Silicone  Rubber  Compound 

Batch  number  -  JN861 

(With  approximately  0.5%  catalyst  and  10%  SF-1 147  oil) 

Wet  and  dry  bulb  temperatures  were  measured  using  a  sling  psychrometer  prior  to  coating 
application.  Dew  point  was  calculated  from  the  wet  and  dry  bulb  temperatures.  Surface 
temperature  was  measured  using  a  surface  temperature  thermometer.  The  dew  points, 
corresponding  surface  temperatures,  and  relative  humidities  are  shown  in  Table  4.A.2. 

Table  4.A.2.  Environmental  conditions 


Coating  Applied 

Dew  Point 
CF) 

Surface 

Temperature 

fF) 

Relative 

Humidity 

(%) 

Wet  Film 
Thickness 
(mils) 

Day  1 

Amerlock  400  (gray) 

57 

63 

64 

6-8 

Day  2 

SEA/SCM  Tie  Coat 

55 

63 

59 

16-18 

Day  3 

RTV-11  +  10%  SF1147 

53 

62 

69 

12-14 

Table  4.A.2  shows  that  the  surface  temperature  always  exceeded  the  dew  point  by  at  least  5  °F  (- 
1 5  °C).  This  means  that  no  moisture  was  present  on  the  surface  during  paint  application. 
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Christina  Darkangelo-Wood,  Owen  Harblin,  and  Jim  Resue,  teehnieal  representatives  from 
General  Electric  Company,  were  on-site  during  the  application.  Airless  spray  equipment  was 
used  to  apply  all  coats.  Table  3  summarizes  the  equipment  used  during  application. 

Table  4.A.3.  Spray  equipment  data 


Coating  Applied 

Tip  Size 
(in.) 

Pump 

Ratio 

Line  Specs 

(Length;  Inside  Diameter  (ID)) 

Amerlock  400  (gray) 

0.017 

30:1 

50  ft.;  3/8  in.  ID  +  6  ft;  3/8  in.  ID  (whip) 

SEA/SCM  Tie  coat 

0.021 

40:1 

50  ft.;  3/8  in.  ID  +  6  ft;  3/8  in.  ID  (whip) 

RTV-11  +  10%  SF1147 

0.017 

74:1 

50  ft;  1/2  in.  ID  +  6  ft;  3/8  in.  ID  (whip) 

All  coats  showed  good  sprayability.  The  Amerlock  400  epoxy  was  thinned  by  about  5%  with 
Sherwin-Williams  KIO  lacquer  thinner.  The  topcoat  (RTV-11  with  10%  SF1147)  was  thinned 
by  about  20%  with  VM&P  naphtha.  All  coatings  were  strained  prior  to  application. 

Wet  film  thickness  (WFT),  measured  by  the  applicator  during  coating  application,  was  used  to 
attain  proper  thickness.  Dry  film  thickness  (DFT)  was  measured  to  document  final  coating 
thickness.  An  electronic  DFT  gauge,  calibrated  to  15  mils,  was  used  to  measure  DFT  of  the  first 
three  coats,  which  comprise  the  epoxy  anticorrosive  (AC)  system.  The  gauge  was  calibrated  to 
35  mils  to  measure  DFT  of  the  entire  system.  Table  4  below  shows  results  of  the  DFT  survey. 

Table  4.A.4.  Dry  film  thickness  data 


#Readings 

(mils) 

Average 

(mils) 

Standard 

Deviation 

Median 

(mils) 

Maximum 

(mils) 

Minimum 

(mils) 

First  3  coats 

300 

17.7 

2.7 

17.5 

29.6 

11.3 

300 

35.4 

5.6 

35.2 

50.2 

23.6 

Observations:  During  application  of  the  SEA/SCM  tie  coat,  a  narrow  stream  of  water, 
emanating  from  the  superstructure,  ran  through  the  test  area.  The  stream  was  about  two  inches 
wide  and  occurred  at  frame  49.  The  stream  had  completely  stopped  by  the  next  day  when  the 
topcoat  (RTVll®  with  10%  SF1147)  was  applied.  The  topcoat  (RTVll®  with  10%  SF1147) 
completely  covered  all  traces  of  the  stream. 

During  application,  the  topcoat  (RTVll®  with  10%  SF1147)  showed  extensive  runs,  probably 
caused  by  excessive  thickness,  along  the  top  of  the  test  area.  The  runs  were  smoothed  out  with  a 
roller.  The  rolled  areas  leveled  well  during  the  curing  process.  The  cured  coating  appeared  to  be 
tightly  adhering. 

Toluene  was  used  as  a  cleaning  solvent  for  the  silicone  coatings.  The  industrial  hygienist  from 
the  TRF  Safety  Office  and  the  hazardous  materials  representative  from  Shop  71 A  stated  that 
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toluene  is  banned  as  a  cleaning  solvent  at  Navy  installations  and  strongly  urged  finding  a  suitable 
replacement. 


Recommendations: 

•  Annual  evaluations  should  be  conducted  based  on  availability. 

•  Identify  a  replacement  clean-up  solvent  for  toluene. 

For  questions  about  this  report,  call  Tom  Radakovich  at  (301)  227-4786. 
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